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DISCLAIMER

This manual provides accurate technical data and engineering information on disinfectants and
oxidants that are not as widely used as chlorine. The U.S. Environmental Protection Agency
encourages drinking water treatment utilities and drinking water primacy agencies to examine all
aspects of their current disinfection practices to improve the quality of their finished water
without reducing microbial protection.

This document is EPA guidance only. It does not establish or affect legal rights or obligation.
EPA decisions in any particular case will be made applying the laws and regulation on the basis
of specific facts when permits are issued or regulations promulgated.

Mention of trade names or commercial products does not constitute an EPA endorsement or
recommendation for use.
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1. INTRODUCTION

1.1 Objective of this Manual

Chlorine is, by far, the most commonly used disinfectant in the drinking water treatment industry
(Sawyer et al., 1994). Today, chlorine is used as a primary disinfectant in the vast majority of all
surface water treatment plants, being used as a pre-disinfectant in more than 63 percent and as a post-
disinfectant in more than 67 percent of all surface water treatment plants (USEPA, 1997). This
manual is organized to provide technical data and engineering information on disinfectants that are
not as widely used as chlorine. Also, where applicable, this document describes the use of these
disinfectants as oxidants and any associated implications.

The U.S. Environmental Protection Agency (EPA) encourages utilities to examine all aspects of their
current disinfection practices to identify opportunities to improve the quality of the finished water
without reducing microbial protection. The objective of this guidance manual is to describe
alternative disinfectants and disinfection techniques that may be used to comply with both the Stage

~ 1 Disinfectants and Disinfection Byproducts Rule (DBPR) and Interim Enhanced Surface Water

" Treatment Rule (IESWTR) and highlight advantages and disadvantages of their use.

EPA is not recommending that utilities employ the disinfectants and oxidants discussed in this
manual, nor is it advocating that utilities switch from one disinfectant or oxidant to another. EPA
acknowledges that selection of the most appropriate disinfection technique is a site-specific decision
best left to utility personnel and state agencies. Utilities should use this guidance as an information
resource to assist in the selection of appropriate disinfectants and disinfectant schemes to meet their
specific goals. Extensive bench and/or pilot scale testing and a thorough review of regulatory
requirements should precede changes to disinfection practice. Systems should refer to the Guidance
Manual for Compliance with the Filtration and Disinfection Requirements for Public Works Systems
Using Surface Water Sources (AWWA, 1991) to ensure disinfectant schemes meet regulatory log
inactivation requirements. Utilities should also refer to EPA's Disinfection Profiling and
Benchmarking Guidance Manual (currently in production) to ensure compliance with the new
regulatory requirements of the IESWTR.

This chapter presents a brief discussion of the background and regulatory context of alternative
disinfectants, including an overview of the disinfection profiling and benchmarking approach to
evaluate disinfection efficiency. In addition, a decision-making framework is provided that utilities
can employ to assess the applicability of various disinfectants and disinfection strategies for
individual systems. Chapter 2 presents an overview of disinfection, including the use of chlorine,
with the next six chapters of this manual devoted to each of the following alternative disinfectants
and oxidants:
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e Chapter 3 - Ozone (O3);

e Chapter 4 - Chlorine dioxide (ClO,);

e Chapter 5 - Potassium permanganate (KMnQOy);

e Chapter 6 - Chloramine (NH,Cl);

e Chapter 7 - Ozone/hydrogen peroxide combinations (O3/H>05); and
o  Chapter 8 - Ultraviolet radiation (UV).

For each disinfectant, this guidance manual describes the chemistry specific to the disinfection or
oxidation process, generation, primary uses and points of application, disinfection byproduct (DBP)
formation, pathogen inactivation and disinfection efficacy, the status of analytical methods for
residual monitoring, and operational considerations. Chapter 9 provides similar information
regarding the use of combined disinfectants. A summary of existing disinfectant usage in the United
States is provided in Appendix A. Cost estimates for the use of alternative disinfectants are provided
in Appendix B.

1.2 Background

The most important use of disinfectants in water treatment is to limit waterborne disease and
inactivate pathogenic organisms in water supplies. The first use of chlorine as a continuous process
in water treatment was in a small town in Belgium in the early 1900s (White, 1992). Since ‘

introduction of filtration and disinfection at water treatment plants in the United States, waterborne
diseases such as typhoid and cholera have been virtually eliminated. For example, in Niagara Falls,
NY between 1911 and 1915, the number of typhoid cases dropped from 185 deaths per 100,000
population to nearly zero following introduction of filtration and chlorination (White, 1986).

In 1974, researchers in the Netherlands and the United States demonstrated that trihalomethanes
(THMs) are formed as a result of drinking water chlorination (Rook, 1974; Bellar et al., 1974).
THMs are formed when chlorine or bromide reacts with organic compounds in the water. EPA
subsequently conducted surveys confirming widespread occurrence of THMs in chlorinated water
supplies in the United States (Symons et al., 1975; USEPA, 1978). THM:s and other DBPs have been
shown to be carcinogenic, mutagenic, etc. These health risks may be small, but with the large
population exposed, need to be taken seriously.

As a result of DBP concerns from chlorine, EPA, as well as the water treatment industry, placed
more emphasis on the use of disinfectants other than chlorine. Some of these alternative
disinfectants, however, have also been found to produce DBPs as a result of either reactions between
disinfectants and compounds in the water or as a natural decay product of the disinfectant itself
(McGuire et al., 1990; Legube et al; 1989). These DBPs include:

e Halogenated organics, such as THMs, haloacetic acids, haloketones, and others, that are
produced primarily as a result of chlorination.
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e Organic oxidation byproducts such as aldehydes, ketones, assimilable organic carbon (AOC), and
biodegradable organic carbon (BDOC), that are associated primarily with strong oxidants such as
ozone, chlorine, and advanced oxidation; and

e Inorganics such as chlorate and chlorite, associated with chlorine dioxide, and bromate, that is
associated with ozone, and has also has been found when chlorine dioxide is exposed to sunlight.

As documented in this manual, the type and amount of DBPs produced during treatment depends
largely on disinfectant type, water quality, treatment sequences, contact time, and environmental
factors such as temperature and pH. '

When considering the use of alternative disinfectants, systems should ensure that the inactivation of
pathogenic organisms is not compromised. Pathogens pose an immediate critical public health threat
due to the risk of an acute disease outbreak. Although most identified public health risks associated
with DBPs are chronic, long-term risks, many systems will be able to lower DBP levels without
compromising microbial protection.

1.3 Regulatory Context

Pursuant to requirements of the Safe Drinking Water Act (SDWA) Amendments of 1996, EPA is
developing interrelated regulations to control microbial pathogens and disinfectant residuals and
disinfection byproducts in drinking water. These rules are collectively known as the
microbial/disinfection byproducts (M-DBP) rules and are intended to address complex risk trade-offs
between the desire to inactivate pathogens found in water and the need to reduce chemical
compounds formed as byproducts during disinfection. The rules are being promulgated in two
phases.

As part of the first phase, the Stage 1 DBPR and the IESWTR were promulgated on December 16,
1998 (63 FR 69390 and 63 FR 69478, respectively). The Stage 1 DBPR applies to all community .
.water systems (CWS) and non-transient, non-community water systems (NTNCWS) that treat their
water with a disinfectant for either primary or residual treatment. The IESWTR amends the Surface
. Water Treatment Rule (SWTR) and includes new and more stringent requirements to control _
waterborne pathogens including specifically the protozoan Cryptosporidium. The IESWTR applies
to all public water systems that use surface water, or ground water under the direct influence of
surface water as defined at 40 CFR, Part 141, Subpart H', and that serve at least 10,000 people: '

Three future rules, also included in phase one include the Long-Term 1 Enhanced Surface Water
Treatment Rule (LTIESWTR), the Ground Water Rule (GWR), and the Filter Backwash Rule . -
(FBR). Each of these rules are planned for promulgation in November 2000. The LTIESWTR will
address pathogen inactivation and removal requirements for Subpart H systems serving fewer than
10,000 people. The GWR will specify appropriate disinfection techniques, including the use of best

! Subpart H systems are defined as public water systems supplied by a surface water source or by a ground water source under the
direct influence of surface water.

April 1999 C 1-3. ' o " EPA Guidance Manuali
‘ Alternative Disinfectants and Oxidants




1. INTRODUCTION

management practices (BMPs) and source control measures. The FBR will set a standard for filter
backwash recycling for all public water systems regardless of size. ‘

The second phase, consisting of the Stage 2 DBPR and the Long-Term 2 ESWTR, will be
promulgated in the year 2002 and will revisit the regulations for the formation of DBPs for all
systems and the inactivation and removal of pathogens for surface water systems, respectively.

The projected dates for future M-DBP regulatory activities are summarized in Table 1-1.

Table 1-1. Key Dates for Regulatory Activities

Date Regulatory Action
November 2000 Promulgate Long-Term 1 Enhanced Surface Water Treatment Rule
November 2000 Promulgate Ground Water Rule
November 2000 Promulgate Filter Backwash Rule
May 2002 Promulgate Stage 2 Disinfectants and Disinfection Byproduct Rule
May 2002 Promulgate Long-Term 2 Enhanced Surface Water Treatment Rule

Concurrent with the M-DBP rules, in May 1996, EPA promulgated the Information Collection Rule
(ICR) to obtain data on source water quality, byproduct formation, and drinking water treatment .

plant design and operations. The ICR applies to Subpart H systems serving more than 100,000
people and ground water systems serving more than 50,000 people. EPA intended to use data from
the ICR to address completely the complex trade-offs between chronic DBP health risks and acute
pathogenic health risks, but delays in promulgation of the ICR eliminated this potential data source
for use in the IESWTR. Until the ICR data are analyzed in detail, EPA cannot fully address the issue
of DBP and pathogenic risk trade-offs.

National Primary and Secondary Drinking Water Regulations, published in 40 CFR Parts 141 and
143, respectively, limit the amount of specific contaminants and residual disinfectants and classes of
these compounds that are delivered to users of public water systems. These limits are expressed as
follows:

¢ Maximum Contaminant Level Goals (MCLGs). MCLGs are non-enforceable health goals for
public water systems. MCLGs are set at levels that, in the EPA Administrator’s judgment, allow
no known or anticipated adverse effect on the health of persons to occur and that allow an
adequate margin of safety.

¢ Maximum Residual Disinfectant Level Goals (MRDLGs). As with MCLGs, EPA has
established MRDLGs for disinfectants at levels at which no known or anticipated adverse effects
on the health of persons occur and that allow an adequate margin of safety. MRDLGs are non-
enforceable health goals based only on health effects and exposure information and do not reflect
the benefit of the addition of the chemicals for control of waterborne microbial contaminants.
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Maximum Contaminant Levels (MCLs). MCLs are enforceable standards set as close to the
MCLGs as technically and economically feasible.

Maximum Residual Disinfectant Levels (MRDLs). MRDLs are similar to MCLs. MRDLs
are enforceable standards, analogous to MCLs, that recognize the benefits of adding a
disinfectant to water on a continuous basis and of addressing emergency situations such as
distribution system pipe ruptures. As with MCLs, EPA has set the MRDLs as close to the
MRDLGs as feasible.

In November 1979, the EPA set an interim MCL for Total THMs (TTHMs) of 0.10 mg/L as an
annual average for systems serving at least 10,000 people. This standard was based on the need to
reduce THM levels due to suspected carcinogenicity. Since then, EPA has developed and
promulgated standards for numerous contaminants. As of the December 16, 1998 DBPR
promulgation, MCLGs, MCLs, MRDLGs, and MRDLs are as presented in Tables 1-2 through 1-4.
As included in these tables, the December 16, 1998 Stage 1 DBPR:

Lowered the existing MCL for TTHMs from 0.10 mg/L to 0.080 mg/L;

Extended the MCL for TTHMs to all size systems;

Requires enhanced coagulation or enhanced precipitative softening for certain systems;
Established MRDLs and MRDLGs for chlorine, chloramine, and chlorine dioxide;
Established MCLs for haloacetic acid (five) (HAAS), bromate, and chloritf_:, and

Established MCLGs for eight disinfection byproducts.

Further, the SWTR of 1989 requires 3.0-log inactivation for Giardia cysts and 4.0-log inactivation
for viruses in surface water supplies. To meet these goals, the SWTR established treatment
requirements for filtration and disinfection. As shown in Table 1-5, these goals can be met using
various treatment schemes that include filtration and disinfection. The IESWTR requires a 2.0 log
removal of Cryptosporidium for Subpart H systems serving at least 10,000 people.
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Table 1-2. Primary Drinking Water Regulations Related to Microbiological Contaminants

MCLG MCL

Sources of Drinking Water

Compound Potential Health Effects

(mg/L) (mg/L) Contamination
Giardia lamblia Zero o Gastroenteric disease Human and animal fecal waste
lvaegl'onslla T T zero | TT Legionnaire’s disease ""Common bacteria in natural
waters; can proliferate in water
heating systems
Heterotrophic =~ N/A  TT “Indicates water quality,
Plate Count effectiveness of treatment
Total Coliform Zero <5.0%° Indicates potential presence of Human and animal fecal waste
gastroentenc pathogens
Turbidity N/A ™ Indicates water treatment failure  Particles from storm runoff,
and pathogens in drinking water  discharges into source water, and
erosuon )
Viruses ‘zero  TT Gastroenteric disease Human and animal fecal waste

Source: AWWA Internet, 1997.
T = Treatment technique requirement in lieu of MCL as established in 40 CFR §141.70.
2No more than 5.0 percent positive if >40 samples/month. No more than 1 positive if <40 samples/month [40 CFR §141.63(a) }.

Table 1-3. Primary Drinking Water Regulations Related to Disinfection Byproducts

MCLG MCL . Sources of Drinking Water
Compound Potential Health Effects .
P (mg/L) (mg/L) Contamination
Bromate Zero3 R 01 04 - Cancer Ozonatlon byproduct 7
Bromodichloromethane Zero® see TTHMs Cancer Ilver kldney, and Dnnklng water chlorination and
reproductlve effects chloramination byproduct
Bromoform Zerc® see TTHMs Cancer, nervous system Dnnkmg water ozonatlon
liver and kidney effects chloramination, and chiorination
byproduct
Chlorite 08°  1.0'  Hemolytcanemia ~ Chlorine dioxide disinfection
) ] ‘ - ' . byproduct
Chloroform Zero® see TTHMs Cancer I|ver kldney, Drinking water chlorination and
reproductlve effects chloramination byproduct
Dibromochloromethane 0.06° see TTHMs Nervous system liver, o brinking water chlorination and
kidney, reproductive effects chloramination byproduct
 Dichloroacetic Acid " Zero® " "SeeHAAS  Cancerand other effects  Drinking water chiorination and
, S chioramination byproduct
Haloacetic Acids' (HAAS5) N/A 0.060° Cancer and other effects Dnnkmg water chlorination and
chloramination byproduct
Trichloroacetic Acid 0.3° See HAAS Possibly cancer and Drinking water chiorination and
reproductive effects chloramination byproduct
Total Trihalomethanes® N/A 0.08* Cancer and other effects Drinking water chlorination and
(TTHMs) chloramination byproduct

Source: 63 FA 69390 (12/16/98)

! HAAS Is the sum of the concentrations of mono-, di-, and trichloroacetic acids arid mono-and dibromoacetic acids.

2-Total Trihalomethanes are the sum of the concentrations of bromodichloromethane, dibromochloromethane, bromoform, and chloroform.
3 Finalized on December 16, 1998 (63 FR 69390) as established in 40 CFR §141.53.

4 Finalized on December 16, 1998 (63 FR 69390) as established in 40 CFR §141.64
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Table 1-4. Primary Drinking Water Regulations Related to Residual Disinfectants

Disinfectant : - MRDLG’ o MRDL'
v (mg/L) (mg/L)
Chlorine’ 4 (as Clp) 4.0 {as Clp)
e - - (as Clz) o st 4 O (; - &2) eter e
i Do e (as ClOz) R (as C|02) —

"Measured as free chiorine
2 Measured as total chiorine
3 Finalized on December 16, 1998 (63 FR 69390) as established in 40 CFR §141.54.
* Finalized on December 16, 1998 (63 FR 69390) as established in 40 CFR §141.65

Table 1-5. Log Removal/lnactivation through Filtration and
Disinfection Required Under the SWTR

) Process . ' Giardia cysts ' Virus
Total Iog removal/inactivation Required 3.0 4.0
Conventlonal sedlmentatlon/flltratlon credlt 2.0
Disinfection inactivati 2.0

" Direct filtratio 1.0
Disinfection inactivation reqwred 3.0
Slow sand flltratlon credit 2.0
Disinfection inactivation requxred 2.0
Dlatomaceous earth credlt ‘ 2.0 1.0
stmfectlon mactlvatlon requnred ' 1.0 3.0
No Flltratlon ' ) A AO.Q 0.0 o
Disinfection inactivation required . 3.0 4.0

Source: AWWA, 1991.
Note: Some instances may require higher than 3 and 4 log removal.  Also, some states may reduce removal filtration process.

1.3.1 Disinfection Profiling and Benchmarking

The IESWTR establishes disinfection benchmarking as a procedure requiring certain PWSs to
evaluate the impact on microbial risk of proposed changes in disinfection practice. It is designed to
facilitate utilities and States working together to assure that pathogen control is maintained while the
provisions of the Stage 1 DBPR are implemented. This procedure involves a PWS charting daily
levels of pathogen inactivation for a period of at least one year to create a profile of inactivation
performance. The PWS then uses this profile to determine a baseline or benchmark of i 1nact1vat10n
against which proposed changes in disinfection practices can be measured.

Systems are required to prepare a disinfection profile if either TTHM or HAAS levels are at least
0.064 or 0.048 mg/L, respectively, as an annual av,érége. These levels, equal.to 80 percent of the -
MCLs established for these compounds by the Stage 1 DBPR, are intended to include most systems
that will modify their disinfection practices to comply with the Stage 1 DBPR. To determine
applicability, systems that collected TTHM and HAAS data under the ICR must use the results of the
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last 12 months of ICR monitoring unless the State determines there is a more representative data set. |
Non-ICR systems may use existing TTHM and HAAS data, if approved by the State, or must ‘
conduct TTHM and HAAS monitoring for four quarters. This monitoring must be completed no later

than 15 months after promulgation of the IESWTR (i.e., by March, 2000). Alternatively, systems

can elect to forgo this monitoring if they construct a disinfection profile.

A disinfection profile consists of a compilation of daily Giardia lamblia log inactivations (plus virus
inactivations for systems using either chloramines or ozone for primary disinfection) computed over
a period of at least one year. It is based on daily measurements of disinfectant residual
concentration(s), contact time(s), temperature, and pH. The profile may be developed using up to 3
years of existing (i.e. grandfathered) data, if the State finds the data acceptable. Systems having less
than 3 years of acceptable grandfathered data are required to conduct one year of monitoring to
create the profile. This monitoring must be complete within 27 months of IESWTR promulgation
(i.e., by March, 2001). The disinfection benchmark is equal to the lowest monthly average
inactivation level in the disinfection profile (or average of low months for multi-year profiles).

Any system required to develop a disinfection profile under the IESWTR that decides to make a

significant change to its disinfection practice must consult with the State prior to making the change.

Significant changes in disinfection practice are defined as: 1) moving the point of disinfection, not

including routine seasonal changes, 2) changing the type of disinfectant, 3) changing the disinfection

process, and 4) other modifications designated as significant by the State. As part of the consultation

process, the system must submit to the State the following information: a description of the proposed ‘
change; the disinfection profile for Giardia lamblia (and, if necessary, viruses) and benchmark; and

an analysis of how the proposed change will affect the current levels of disinfection. In addition, the

State is required to review the disinfection profile a part of its periodic sanitary survey.

For more information on disinfection profiling and benchmarking, refer to EPA’s Disinfection
Profiling and Benchmarking Guidance Manual (expected to be available in 1999).

1.4 Use of Disinfectants as Chemical Oxidants

Most disinfectants are strong oxidants and/or generate oxidants as byproducts (such as hydroxyl free
radicals) that react with organic and inorganic compounds in water. While the primary focus of this
manual is disinfection, many of the disinfectants described in this manual are also used for other
purposes in drinking water treatment, such as taste and odor control, improved flocculation, and
nuisance control. Because DBPs are produced irrespective of the intended purpose of the oxidant, it
is important to also address uses of disinfectants as oxidants in water treatment. These additional
uses are described in more detail in Chapter 2.

1.5 How Chlorine is Addressed in this Guidance Manual

This guidance manual does not provide as broad a discussion of chlorine and chlorination practices
as it does for the capabilities and uses of alternative disinfectants. There are two reasons EPA has
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taken this approach: 1) the goal of this manual is to provide technical and engineering information to
utilities and the states on alternative disinfectants and oxidants, about which there is less
comprehensive information than for chlorine; and 2) a great majority of utilities already use chlorine,
in a wide variety of applications, for which there exists a wealth of literature on chlorine’s uses and
performance capabilities. Summarizing this large body of knowledge in this guidance is neither
practical nor necessary.

This manual is not an EPA endorsement of alternative disinfectants nor is it a recommendation for
utilities to switch from chlorine to an alternative disinfectant. Rather, this manual provides technical
and engineering information to assist local professionals in making treatment decisions. EPA
believes that utility and state program personnel are best able to select disinfectants and design a
disinfection scheme, based upon site-specific conditions, that meets operational and regulatory
constraints. EPA does not require the use of chlorine or any other specific disinfectant for site-
specific uses. Again, local professionals are best suited to select disinfectants to address the unique
water treatment challenges posed by their source water and plant infrastructure.

EPA recognizes that, at the present time, chlorination is an important and central component of most
water treatment regimes in this country. As such, a summary of the uses and capabilities of chlorine
is provided in Section 2.7 of this manual. Section 2.7 also contains an extensive reference list for
additional information on chlorination.

1.6 A Summary of Alternative Disinfectant Properties

Subsequent chapters in this manual discuss several disinfectant alternatives available to a water
supplier. Table 1-6 summarizes the key technical and regulatory considerations associated with the
use of the various disinfectants for selecting the most appropriate disinfectant. The table provides
some broad guidelines to provide a framework for decision making. The ratings in Table 1-6 are
based on a typical disinfectant application. Thus, even though chlorine is considered to be prone to
THM formation, the table does not address the degree or amount of THMs produced. Similarly,
more than 2-log inactivation can be achieved for some disinfectants, but the high dose required may
not make it a reasonable application, and in that case, would be identified in the table as not able to
achieve 2-log inactivation.

The following key issues are addréssed in Table 1-6:

o THMs, oxidized organics, and halogenated organics are produced. Halogenated organics are
formed when chlorine or ozone (in the presence bromide ion) is used, while oxidized organics
occur in the greatest concentration when a strong oxidant is used. The production of DBPs
depends on the amounts and types of precursors in the water.

e Inorganic byproducts are produced. Inorganic byproducts include chlorate ion, chlorite ion,
and bromate ion associated with chlorine dioxide and ozone.
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the requirement to maintain a residual in the distribution system. For most disinfectants, such as

o MRDLs are required for some disinfectants. Note that this requirement must be balanced with ‘
chlorine, the MRDL is relatively high and will generally not create a problem.

e Lime softening impacts are noted. The high pH treatment during lime softening has an impact
on chlorine, chloramines, and UV.

e Turbidity impacts UV disinfection and ozonation. Ozone may interfere with coagulation and
settling. As such, it is recommended that ozonation be placed after settling but before filters to
minimize turbidity impacts.

e Inactivation requirements are divided into those achieving more or less than 2-log
inactivation. This differentiation is to identify the feasibility of achieving high inactivation at
modest doses. For example, while chlorine can achieve 3-log Giardia cyst inactivation, the CT
requirement for 3-log inactivation of 100 to more than 300 mg-min/L will require high chlorine
doses and/or long contact times. However, 4-log virus inactivation is achievable with a CT of 15
to 60 mg-min/L for most temperatures.

Recently there has been some reports of 2-log and higher Cryptosporidium oocyst inactivation
with UV, using a system that concentrates the oocysts on a filter and then allows extended
exposure to UV to doses as high as 8,000 mW-s/cm?. This type application is considered
experimental at this time.

» Applicability as a secondary disinfectant represents the ability of the disinfectant to
maintain a residual in the distribution system. Only chlorine, chlorine dioxide, and
monochloramine provide residual disinfection in the distribution system. Chlorine dioxide is
limited to systems with smaller distribution systems because the total chlorine dioxide dose that
can be applied is limited by the production of chlorate ion and chlorite ion.

» Operator skill provides general guidance to the amount of operator attention and
maintenance required. All of the disinfectants can be placed on automatic control to limit the
amount of operator attention. ‘The operational attention is rated based on the complexity of the
disinfectant application. Therefore, permanganate, which is a simple chemical feed system with
few mechanical elements, is rated 1 (low attention), while peroxone which include both ozone
systems and hydrogen peroxide feed systems, is rated 5 (high attention).

o All chemical disinfectants are judged to be applicable to small and large utilities. Modular
units of the technologies can cover a large range of flows. Ozone and chlorine dioxide generators
are available with small and large capacities. Chlorine and chemical feed systems have been
used successfully in all applications. Most UV water treatment facilities are less than 200 gpm in
capacity.

Key elements in the decision making process relate to the water source (i.e., ground or surface water)
and existing treatment configuration (including filtration) because these factors have a significant
impact on the degree of log removal required during disinfection. Water quality has a large impact on
the potential for DBP BOM formation.
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. Table 1-6. Summary of Disinfectant Properties
(Based on Typical Disinfectant Application)
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The following sections describe each of these phases.

1.7 Selecting a Disinfection Strategy

This section presents general guidancé that can be used to assess the applicability of various
disinfectants or combination of disinfectants to select an appropriate disinfection strategy. Because
the selection of an appropriate strategy depends on site-specific conditions unique to each water
supply system, final selection of a strategy should be made with appropriate technical guidance (e.g.,
engineering study/evaluation or bench or pilot scalcvtesting' of alternatives). Selecting the most
appropriate disinfectant strategy for water treatment requires a balance among three key driving

forces:

e Providing water free of pathogens. Since the SWTR, the regulatory focus for pathogen
removal focused on coliform bacteria, heterotrophic plate counts, Giardia cysts, Legionella, and
viruses. Recently, the focus has been expanded to include Cryptosporidium oocyst removal and

‘ inactivation, especially due to its resistance to chlorine. ,
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* Avoiding the production of disinfection byproducts (DBPs). Trihalomethanes (THMs), other
halogenated organics, ozone DBPs, oxidation byproducts, and some disinfectant residuals present
a health risk and must be limited in drinking waters. DBP precursor removal through process
optimization or enhanced coagulation is the first step in DBP control.

e Requiring residual disinfectant to maintain the bacteriological quality in the water as it is
distributed to customers to control regrowth. The potential for DBP formation increases with
extended contact between DBP precursors and residual disinfectants.

When changing disinfectants or oxidants water providers should consult with their primacy agencies.
The impact of the change should consider the impact on disinfection credit using disinfection
profiling and benchmarking techniques as summarized in Section 1.3.

1.7.1 Disinfection Strategy Evaluation
The selection of a disinfection strategy, as presented below, is affected by the following:

o Effectiveness of the current disinfection system;
e Need to change disinfectants;

e Selection of an alternative disinfectant; and

e Primary and secondary disinfection requirements.

As used in this guidance, primary and secondary disinfection are defined as follows:

Primary disinfection: The first (i.e., primary) disinfectant used in a treatment system, with the
primary objective of the disinfectant being to achieve the necessary CT (i.e., microbial
inactivation).

Secondary disinfection: The second disinfectant used in a treatment system, with the primary
objective of the disinfectant being to maintain the disinfection residual through the distribution
system.

For discussion, the approach to select a disinfection strategy is divided into three phases:

* Evaluate the current primary disinfection practice
e Select a primary disinfectant
® Select a secondary disinfectant.

1.7.1.1  Evaluate the Current Primary Disinfection Practice

Figure 1-1 presents the decision making process used to determine whether the present primary
disinfectant can meet disinfection and byproduct requirements. The key decision points in Figure 1-1
include:

e Meet current microbial inactivation limits. Microbial limits are defined by the primary
drinking water standards shown in Table 1-2. The regulated indicators of pathogens include
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Giardia lamblia, Legionella, HPC, total coliform turbidity, and viruses. The disinfectant must be
capable of meeting the inactivation requirements for disinfection. If not, the plant must
determine if the current disinfectant can meet the microbial inactivation requirements solely
through process modifications. A process modification may be to move the application point,
increase dose, increase contact time, or adjust pH. If not, a new disinfectant may be needed. . In
some instances, a PWS may opt to improve its current microbial inactivation even though the
PWS is meeting current microbial limitations. In these instances, an evaluation is necessary to
ensure that any process modifications to improve inactivation will still provide compliance with
the microbial limits.

e Meet current DBP limits. A second set of limits imposed on disinfectant usage are DBP
requirements. The DBP limits are established in the Stage 1 DBP rule (See Table 1-3 and Table
1-5). To meet these limits on a consistent basis under normal varying water quality conditions,

- 80 percent of the MCL serves as an action level that requires a change in treatment practice.
Similar to microbial inactivation, some PWSs may desire to improve current DBP protection,
thus requiring evaluation of these modifications. By optimizing existing treatment processes, the
production of DBPs can be reduced. Optimization may include pretreatment optimization (i.e.,
coagulation, filtration, etc.) or process modifications such as moving the point of disinfection.
Enhanced coagulation is required by the Stage 1 DBP rule. Where process modifications are
contemplated, the PWS must ensure that both microbial inactivation and DBP formation comply
with applicable regulatory requirements. If optimized treatment cannot meet DBP and microbial
requirements, a new disinfectant may be needed.

1.7.1.2 Select a Primary Disinfectant

. If it is determined that a new disinfectant is required or desired for better public health protection, the
second phase in the decision process (Figure 1-2) addresses the factors concerning selection ofa
primary disinfectant. This decision requires knowledge of the following three key components:

e TOC concentration. A high TOC concentration indicates a high potential for DBP formation.
In these cases, the decision tree will favor those disinfectants that will not produce DBPs or will
produce the least amount of DBPs. Note that precursor removal and enhanced coagulation are
used to reduce TOC during treatment optimization as indicated in Figure 1-1. “High TOC”
quantifies the potential to produce DBPs and is defined as a condition meeting one of the
following criteria: )

— TOC exceeds 2 mg/L;
— TTHM exceeds MCL (0.08 mg/L under Stage 1 DBPR); or
— HAAS exceeds MCL (0.06 mg/L under Stage 1 DBPR).
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Figure 1-1. Flow Diagram to Evaluate Current Disinfection Practices
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e Bromide ion concentration. The reactions of strong oxidants (ozone and peroxone) with
. bromide ion to produce hypobromous acid and bromate ion, precludes their usage with waters
containing high concentrations of bromide ion. High bromide ion is defined as concentrations
exceeding 0.10 mg/L.

e Filtered versus non-filtered systems. The use of ozone or ozone/peroxide for unfiltered
systems without the benefit of biofiltration to reduce ozonation byproducts and BOM is
strongly discouraged.

1.7.1.3 Select a Secondary Disinfectant

The selection of a secondary disinfectant depends on the selected primary disinfectant. Figure 1-3
identifies three decision points for secondary disinfectants:

e Assimilable organic carbon (AOC) concentration. AOC is produced when a strong oxidant
(e.g., ozone) is used as primary disinfectant in the presence of high TOC water. High AOC is
defined as concentrations exceeding 0.10 mg/L after filtration. In these cases, additional
biological or GAC treatment should be considered to stabilize the finished water and prevent
regrowth in the distribution system.

 DBP formation potential (DBPFP). The DBPFP serves as an indication of the amount of
organic byproducts that could be expected to form in the distribution system if chlorine is used.
Because DBP formation continues in the distribution system, the DBP content at the plant
effluent should be limited. A high DBPFP is defined as a water meeting one of the following

criteria:
. — TTHM seven-day formation exceeds the MCL (0.08 mg/L under Stage 1 DBPR); or
— HAAS seven-day formation exceeds the MCL (0.06 mg/L under the Stage' 1 DBPR).

o Distribution system retention time. In a large distribution system, booster stations may be
required to maintain the disinfection residual. Since chlorine dioxide has an upper limit for
application, its usage may not be feasible if relatively high doses are required to maintain a
residual in the distribution system. A distribution system retention time is considered high if it
exceeds 48 hours.

April 1999 1-15 EPA Guidance Manual
Alternative Disinfectants and Oxidants




1. INTRODUCTION

Chlorine Dioxide

Chlorine
> Interactive Disinfectants
Need Bench/Pilot Study

Yes

A. Subpart H Systems

that Filter Chlorine Dioxide
High Chlorine
Bromide Ozone

Interactive Disinfectants

Y

Start

1

Yes

. High DBPFP
High No —» Ozone/BAC
Bromide Chlorine Dioxide

*

Yes

L % Chlorine Dioxide

High Inactivation Regmts.
High Disinfection Doses
Chlorine Dioxide
Chlorine

] ) Interactive Disinfectants

Bench/Pilot Studies

B. Subpart H Systems
that do not Filter
Hioh Ozone
ig Chlorine Dioxide
Bromide No —¥ Interactive Disinfectants

S

Yes

Excessive DBP Formation likely.
High High disinfectant doses

Bromide No —»  required. May need TOC and
pathogen removal facilities.

Bench and pilot studies needed.

’.

Consult Primacy Agency When
Changing Treatment Process

Excessive DBP Formation likely.
High disinfectant doses
required. May need TOC and
pathogen removal facilities.
Bench and pilot studies needed.

|7§
w

Figure 1-2. Flow Diagi'am to Narrow Selection of a New Primary Disinfectant
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Figure 1-3. Flow Diagram to Narrow Selection of a New Secondary Disinfectant

1.7.2 Summary

The approach outlined above serves as a basis to evaluate the need for and to select the most
appropriate alternative disinfectants for drinking water systems. The approach is general enough to
cover the likely outcomes of the inactivation requirements and DBP formation. However, in some
cases, site-specific conditions may dictate a different approach. It is important to consult with the
primacy agency whenever a change in treatment is considered. Remember that the IESWTR requires
certain PWSs to use disinfection profiling and benchmarking procedures when proposing changes to
disinfection practices. In addition, some of the decisions may lead to a situation where additional
‘ treatment will be required. For example, filtration may be needed to reduce the disinfectant dose and
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limit DBP formation in cases of high TOC and high bromide ion levels. In those mstances bench
scale or pilot studies may be required to select the most appropriate disinfectant.
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2. DISINFECTANT USE IN WATER
TREATMENT

To comply with the SDWA regulations, the majority of PWSs use some form of water treatment.
The 1995 Community Water Systems Survey (USEPA, 1997a) reports that in the United States, 99
percent of surface water systems provide some treatment to their water, with 99 percent of these
treatment systems using disinfection/oxidation as part of the treatment process. Although 45 percent
of ground water systems provide no treatment, 92 percent of those ground water plants that do
provide some form of treatment include disinfection/oxidation as part of the treatment process. The
most commonly used disinfectants/oxidants (in no particular order) are chlorine, chlorine dioxide,
chloramines, ozone, and potassium permanganate.

Disinfectants are also used to achieve other specific objectives in drinking water treatment. These
other objectives include nuisance control (e.g., for zebra mussels and Asiatic clams), oxidation of
specific compounds (i.e., taste and odor causing compounds, iron, and manganese), and use as a
coagulant and filtration aid.

The purpose of this chapter is to:

e Provide a brief overviéw of the need for disinfection in water treatment.

e Provide basic information that is common to all disinfectants;

e Discuss other uses for disinfeétant chemicals (i.e., as oxidants);

. Describe trends in DBP formaﬁon and the health effects of DBPs found in water treatment;

e Discuss microorganisms of concern in water systems, their associated health impact, and the
inactivation mechanisms and efficiencies of various disinfectants; and

e Summarize current disinfection practices in the United States, including the use of chlorine as a
disinfectant-and an oxidant. '

2.1 Need for Disinfection in Water Treatment

Although the epidemiological relation between water and disease had been suggested as early as the
1850s, it was not until the establishment of the germ theory of disease by Pasteur in the mid-1880s
that water as a carrier of disease-producing organisms was understood. In the 1880s, while London
experienced the “Broad Street Well” cholera epidemic, Dr. John Snow conducted his now famous
epidemiological study. Dr. Snow concluded that the well had become contaminated by a visitor,
with the disease, who had arrived in the vicinity. Cholera was one of the first diseases to be

April 1999 2-1 EPA Guidance Manual
Alternative Disinfectants and Oxidants




2. DISINFECTANT USE IN WATER TREATMENT

recognized as capable of being waterborne. Also, this incident was probably the first reported
disease epidemic attributed to direct recycling of non-disinfected water. Now, over 100 years later, ‘
the list of potential waterborne diseases due to pathogens is considerably larger, and includes

bacterial, viral, and parasitic microorganisms, as shown in Table 2-1, Table 2-2 and Table 2-3,

respectively.

A major cause for the number of disease outbreaks in potable water is contamination of the
distribution system from cross connections and back siphonage with non-potable water. However,
outbreaks resulting from distribution system contamination are usually quickly contained and result
in relatively few illnesses compared to contamination of the source water or a breakdown in the
treatment system, which typically produce many cases of illnesses per incident. When considering
the number of cases, the major causes of disease outbreaks are source water contamination and
treatment deficiencies (White, 1992). For example, in 1993 a Cryptosporidiosis outbreak affected
over 400,000 people in Milwaukee, Wisconsin. The outbreak was associated with deterioration in
the raw water quality and a simultaneous decrease in the effectiveness of the coagulation-filtration
process (Kramer et al,, 1996; MacKenzie et al., 1994). Historically, about 46 percent of the
outbreaks in the public water systems are found to be related to deficiencies in source water and
treatment systems with 92 percent of the causes of illness due to these two particular problems.

All natural waters support biological communities. Because some microorganisms can be
responsible for public health problems, biological characteristics of the source water are one of the
most important parameters in water treatment. In addition to public health problems, microbiology
can also affect the physical and chemical water quality and treatment plant operation.

2.1.1 Pathogens of Primary Concern

Table 2-4 shows the attributes of three groups of pathogens of concern in water treatment, namely
bacteria, viruses, and protozoa.

2.1.1.1 Bacteria

Bacteria are single-celled organisms typically ranging in size from 0.1 to 10 um. Shape,
components, size, and the manner in which they grow can characterize the physical structure of the
bacterial cell. Most bacteria can be grouped by shape into four general categories: spheroid, rod,
curved rod or spiral, and filamentous. Cocci, or spherical bacteria, are approximately 1 to 3 um in
diameter. Bacilli (rod-shaped bacteria) are variable in size and range from 0.3 to 1.5 um in width (or
diameter) and from 1.0 to 10.0 um in length. Vibrios, or curved rod-shaped bacteria, typically vary
in size from 0.6 to 1.0 pm in width (or diameter) and from 2 to 6 pm in length. Spirilla (spiral
bacteria) can be found in lengths up to 50 pm whereas filamentous bacteria can occur in length in
excess of 100 um.
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2. DISINFECTANT USE IN WATER TREATMENT

Table 2-3. Waterborne Diseases from Parasites

Causative Agent Disease Symptoms
Ascario Ascariasis Vomiting, live worms in feces
lumbricoides

({round worm)

Cryptosporidium Cryptospond:osus ’

Acute diarthea, abdominal pain, vomiting, and low-grade fever.

muris and parvum Can be life-threatening in immunodeficient patients
Entamoeba Amebiasis Diarrhea alternating with constipation, chronic dysentery with
histolytica mucus and blood
Glardia lamblia ~ Giardiasis Intermittent diarrhea
Naegleria gruberi  Amoebic Death
meningoecephalitis
Schistosoma Schistosomiasis Liver and bladder infection
mansoni
Taenia saginata ' Taeniasis Abdominal pain, digestive disturbances, loss of weight
(beef tapeworm)

Source: Geldreich, 1972; Beneson, 1981.
2.1.1.2 Viruses

Viruses are microorganisms composed of the genetic material deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA) and a protective protein coat (either single, double, or partially double
stranded). All viruses are obligate parasites, unable to carry out any form of metabolism and are
completely dependent upon host cells for replication. Viruses are typically 0.01 to 0.1 um in size and
are very species specific with respect to infection, typically attacking only one type of host.

Although the principal modes of transmission for the hepatitis B virus and poliovirus are through
food, personal contact, or exchange of body fluids, these viruses can be transmitted through potable
water. Some viruses, such as the retroviruses (including the HIV group), appear to be too fragile for
water transmission to be a significant danger to public health (Riggs, 1989).

2.1.1.3 Protozoa

Protozoa are single-cell eucaryotic microorganisms without cell walls that utilize bacteria and other
organisms for food. Most protozoa are free-living in nature and can be encountered in water;
however, several species are parasitic and live on or in host organisms. Host organisms can vary
from primitive organisms such as algae to highly complex organisms such as human beings. Several
species of protozoa known to utilize human beings as hosts are shown in Table 2-5.

EPA Guidance Manual 2-6 April 1999
Alternative Disinfectants and Oxidants




2. DISINFECTANT USE IN WATER TREATMENT

Table 2-4. Attributes of the Three Waterborine Pathogens of Concern in Water

Giardia IambI/a '

Animals, humans

Giardiasis

(gastroenteritis)

Contamlnated water

‘Nasal inhalation with

Treatment
Removal by
. Size - . . . Resistance to Sedimentation,
Organism (um) Mobility Point(s) of Origin Disinfection Coagulation, and
Filtration
Bacteria 0.1-10  Motile, Humans and Type specific - Good, 2 to 3-log
Nonmotile animals, water, and bacterial spores removal
contaminated food typically have the
highest resistance
whereas vegetative
bacteria have the
lowest resrstance
Viruses 0.01-0.1 Nonmotile Humans and Generally more Poor, 1 to 3-log -
: animals, polluted resistant than removal
water, and vegetative bacteria
contamrnated food
“'I'Drotozoa‘ ' ' t—20 Mo ile, Humans and More resistant than Good, 2 to 3-log
Nonmotile animals, sewage, viruses or vegetative removal
decaying vegetation, bacteria
and water
Table 2-5. Human Parasitic Protozoans
Protozoan Host(s) Disease - Transmission Occurrence
Acanathamoeba Fresh water, Amoebic Gains entry through " North America
castellannii sewage, humans, meningoencephalitis  abrasions, ulcers, andas .
and soil secondary invader during
other mfectrons
Balantidium coli  Pigs, humans Balantidiasis Contamrnated water Mrcronesra has
(dysentery) been the only known
3|te of an outbreak
Cryptosporidium  Animals, humans Cryptosporidiosis ‘Person-to-person or Canada England
parvum animal-to-person contact, and the United
ingestion of fecally States
contaminated water or
food, or contact with
fecally contaminated
i . o ) envrronmental surfaces
Entamoeba Humans Amoebrc dysentery Contamrnated water : Last Unlted States
hlstolytlca outbreak 1953

[— ORI

Mexrco Unrted
States USSR

Naegleria fowleri Sorl water Primary amoebic North Amenca
humans and meningoencephalitis  subsequent penetration
decaying of nasopharynx;
vegetation exposure from swimming
in freshwater lakes
Source: Montgomery, 1985; AWWA, 1995,
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2. DISINFECTANT USE IN WATER TREATMENT

2.1.2 Recent Waterborne Outbreaks

Within the past 40 years, several pathogenic agents never before associated with documented
waterborne outbreaks have appeared in the United States. Enteropathogenic E. coli and Giardia
lamblia were first identified to be the etiological agent responsible for waterborne outbreaks in the
1960s. The first recorded Cryptosporidium infection in humans occurred in the mid-1970s. Also
during that time was the first recorded outbreak of pneumonia caused by Legionella pneumophila
(Centers for Disease Control, 1989; Witherell et al., 1988). Recently, there have been numerous
documented waterborne disease outbreaks that have been caused by E. coli, Giardia lamblia,
Cryptosporidium, and Legionella pneumophila.

2.1.2.1 E. coli

The first documented case of waterborne disease outbreaks in the United States associated with
enteropathogenic E. coli occurred in the 1960s. Various serotypes of E. coli have been implicated as
the etiological agent responsible for disease in newborn infants, usually the result of cross
contamination in nurseries. Now, there have been several well-documented outbreaks of E. coli
(serotypes 0111:B4 and 0124:B27) associated with adult waterborne disease (AWWA, 1990, and
Craun, 1981). In 1975, the etiologic agent of a large outbreak at Crater Lake National Park was E.
coli serotype 06:H16 (Craun, 1981).

2.1.2.2 Giardia lamblia

Similar to E. coli, Giardia lamblia was first identified in the 1960s to be associated with waterborne
outbreaks in the United States. Giardia lamblia is a flagellated protozoan that is responsible for
Giardiasis, a disease that can range from being mildly to extremely debilitating. Giardia is currently
one of the most commonly identified pathogens responsible for waterborne disease outbreaks. The
life cycle of Giardia includes a cyst stage when the organism remains dormant and is extremely
resilient (i.e., the cyst can survive some extreme environmental conditions). Once ingested by a
warm-blooded animal, the life cycle of Giardia continues with excystation. The cysts are relatively
large (8-14 um) and can be removed effectively by filtration using diatomaceous earth, granular
media, or membranes.

Giardiasis can be acquired by ingesting viable cysts from food or water or by direct contact with
fecal material. In addition to humans, wild and domestic animals have been implicated as hosts.
Between 1972 and 1981, 50 waterborne outbreaks of Giardiasis occurred with about 20,000 reported
cases (Craun and Jakubowski, 1986). Currently, no simple and reliable method exists to assay
Giardia cysts in water samples. Microscopic methods for detection and enumeration are tedious and
require examiner skill and patience. Giardia cysts are relatively resistant to chlorine, especially at
higher pH and low temperatures.
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2. DISINFECTANT USE IN WATER TREATMENT

2.1.2.3 Cryptosporidium

Cryptosporidium is a protozoan similar to Giardia. it forms resilient oocysts as part of its life cycle.
The oocysts are smaller than Giardia cysts, typically about 4-6 pm in diameter. These oocysts can
survive under adverse conditions until ingested by a warm-blooded animal and then continue with
excystation.

Due to the increase in the number of outbreaks of Cryptosporidiosis, a tremendous amount of
research has focused on Cryptosporidium within the last 10 years. Medical interest has increased

~ because of its occurrence as a life-threatening infection to individuals with depressed immune
systems. As previously mentioned, in 1993, the largest documented waterborne disease outbreak in
United States history occurred in Milwaukee and was determined to be caused by Cryptosporidium.
An estimated 403,000 people became ill, 4,400 people were hospitalized, and 100 people died. The
outbreak was associated with a deterioration in raw water quality and a simultaneous decrease in
effectiveness of the coagulation-filtration process, which led to an increase in the turbidity of treated
water and inadequate removal of Cryptosporidium oocysts. ‘

2.1.2.4 Legionella pneumophila

An outbreak of pneumonia occurred in 1976 at the annual convention of the Pennsylvania American
Legion. A total of 221 people were affected by the outbreak, and 35 of those afflicted died. The
cause of the pneumonia was not determined immediately despite an intense investigation by the
Centers for Disease Control. Six months after the incident, microbiologists were able to isolate a
bacterium from the autopsy lung tissue of one of the Legionnaires. The bacterium responsible to the
outbreak was found to be distinct from other known bacterium and was named Legionella
pneumophila (Witherell et al., 1988). Following the discovery of this organism, other Legionella-
like organisms were discovered. Altogether, 26 species of Legionella have been identified, and
seven are etiologic agents for Legionnaires’ disease (AWWA, 1990).

Legionnaires’ disease does not appear to be transferred person-to-person. Epidemiological studies
have shown that the disease enters the body through the respiratory system. Legionella can be
inhaled in water particles less than Sum in size from facilities such as cooling towers, hospital hot
water systems, and recreational whirlpools (Witherell et al., 1988).

2.1.3 Mechanism of Pathogen Inactivation

The three primary mechanisms of pathogen inactivation are to:

e Destroy or impair cellular structural organization by attacking major cell constituents, such as
destroying the cell wall or impairing the functions of semi-permeable membranes;

e Interfere with energy-yielding metabolism through enzyme substrates in combination with
prosthetic groups of enzymes, thus rendering the enzymes non-functional; and
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2, DISINFECTANT USE IN WATER TREATMENT

o Interfere with biosynthesis and growth by preventing synthesis of normal proteins, nucleic acids,
coenzymes, or the cell wall.

Depending on the disinfectant and microorganism type, combinations of these mechanisms can also
be responsible for pathogen inactivation. In water treatment, it is believed that the primary factors
controlling disinfection efficiency are: (1) the ability of the disinfectant to oxidize or rupture the cell
wall; and (2) the ability of the disinfectant to diffuse into the cell and interfere with cellular activity
(Montgomery, 1985).

2.2 Other Uses of Disinfectants in Water Treatment

Disinfectants are used for more than just disinfection in drinking water treatment. While inactivation
of pathogenic organisms is a primary function, disinfectants are also used oxidants in drinking water
treatment for several other functions:

e Minimization of DBP formation;

s Control of nuisance Asiatic cléms and zebra mussels;

e (Oxidation of iron and manganese;

e Prevention of regrowth in the distribution system and maintenance of biological stability;
s Removal of taste and odors through chemical oxidation;

» Improvement of coagulation and filtration efficiency;

¢ Prevention of algal growth in sedimentation basins and filters;

e Removal of color.

A brief discussion of these additional oxidant uses follows.

2.2.1 Minimization of DBP Formation

Strong oxidants may play a role in disinfection and DBP control strategies in water treatment.
Several strong oxidants, including potassium permanganate and ozone, may be used to control DBP
precursors.

Potassium permanganate can be used to oxidize organic precursors at the head of the treatment plant,
thus minimizing the formation of byproducts at the downstream disinfection stage of the plant. The
use of potassium permanganate as an oxidant and disinfectant is discussed in Chapter 5 of this
guidance manual. |
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2. DISINFECTANT USE IN WATER TREATMENT

‘ The use of ozone for oxidation of DBP precursors is currently being studied. Early work has
shown that the effects of ozonation, prior to chlorination, were highly site-specific and
unpredictable. The key variables that seem to determine the effect of ozone are dose, pH,
alkalinity, and the nature of the organic material. Ozone has been shown to be effective for DBP
precursor reduction at low pHs. However, at higher pHs (i.e., above 7.5), ozone may actually
increase the amount of chlorination byproduct precursors. The use of ozone as an oxidant and
disinfectant is addressed in detail in Chapter 3 of this document.

222 Control of Nuisance Asiatic Clams and Zebra Mussels

The Asiatic clam (Corbicula fluminea) was introduced to the United States from Southeast Asia in
1938 and now inhabits almost every major river system south of 40° latitude (Britton and Morton,
1982; Counts, 1986). Asiatic clams have been found in the Trinity River, TX; the Ohio River at
Evansville, IN; New River at Narrows and Glen Lyn, VA; and the Catawba River in Rock Hill, SC
(Belanger et al., 1991; Cameron et al., 1989a; Matisoff et al., 1996). This animal has invaded many
water utilities, clogging source water transmission systems and valves, screens, and meters;
damaging centrifugal pumps; and causing taste and odor problems (Sinclair, 1964; Evans et al., 1979;
Smith, 1979).

Cameron et al. (1989a) investi gated the effectiveness of several oxidants to control the Asiatic clam
in both the juvenile and adult phases. As expected, the adult clam was found to be much more

‘ resistant to oxidants than the juvenile form. In many cases, the traditional method of control, free
chlorination, cannot be used because of the formation of excessive amounts of THMs. As shown in
Table 2-6, Cameron et al. (1989a) compared the effectiveness of four oxidants for controlling the
juvenile Asiatic clam in terms of the LT50 (time required for 50 percent mortality).
Monochloramine was found to be the best for controlling the juvenile clams without forming THMs.
Further research showed that the effectiveness of monochloramine increased greatly as the
temperature increased (Cameron et al., 1989b). Note that the temperatures in this study reflect
conditions in the Lynchburg Reservoir, Houston, Texas. Clams can tolerate temperatures between 2
and 35°C (Cameron et al. 1989a). '
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2. DISINFECTANT USE IN WATER TREATMENT

Table 2-6. The Effects of Various Oxidants on Mortality of the ‘
Asiatic Clam (Corbicula fluminea)
Residual Temperature LT50
Chemical H Life Stage
(mg/L) c) P g (days)
Free chlorine 0.5 23 8.0 A 8.7
48 21 7.9 A 5.9
47 16 7.8 J 4.8
‘Potassium T 17 7.6 J 79
Permanganate 4.8 17 7.6 J 8.6
Monochloramine 2.6 28 7.9 J 0.6
10.7 17 7.9 J 0.5
Chlorine dioxide 1.2 24 6.9 J 07
47 22 6.6 J 0.6

A=Aduit; J=Juvenile
Source: Cameron et al., 1989a.

In a similar study, Belanger et al. (1991) studied the biocidal potential of total residual chlorine,
monochloramine, monochloramine plus excess ammonia, bromine, and copper for controlling the
Asiatic clam. Belanger et al. (1991) showed that monochloramine with excess ammonia was the
most effective for controlling the clams at 30°C. Chlorination at 0.25 to 0.40 mg/L total residual
chlorine at 20 to 25°C controlled clams of all sizes (LT50 below 28 days) but had minimal effect at
12 to 15°C (as low as zero mortality). As in other studies, the toxicity of all the biocides was highly
dependent on temperature and clam size.

The zebra mussel (Dreissena polymorpha) is a recent addition to the fauna of the Great Lakes. It was
first found in Lake St. Clair in 1988, though it is believed that this native of the Black and Caspian
seas, was brought over from Europe in ballast water around 1985 (Herbert et al., 1989). The zebra
mussel population in the Great Lakes has expanded very rapidly, both in size and geographical
distribution (Roberts, 1990). Lang (1994) reported that zebra mussels have been found in the Ohio
River, Cumberland River, Arkansas River, Tennessee River, and the Mississippi River south to New
Orleans.

Klerks and Fraleigh (1991) evaluated the effectiveness of hypochlorite, permanganate, and hydrogen
peroxide with iron for their effectiveness controlling adult zebra mussels. Both continuous and
intermittent 28-day static renewal tests were conducted to determine the impact of intermittent
dosing. Intermittent treatment proved to be much less effective than continuous dosing.

The hydrogen peroxide-iron combination (1-5 mg/L with 25 percent iron) was less effective in
controlling the zebra mussel than either permanganate or hypochlorite. Permanganate (0.5-2.5 mg
KMnO,/L) was usually less effective than hypochlorite (0.5-10 mg Cly/L).

Van Benschoten et al. (1995) developed a kinetic model to predict the rate of mortality of the zebra
mussel in response to chlorine. The model shows the relationship between chlorine residual and
temperature on the exposure time required to achieve 50 and 95 percent mortality. Data were
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2. - DISINFECTANT USE IN WATER TREATMENT

collected for chlorine residuals between 0.5 and 3.0 mg Cl,/L and temperatures from 0.3 to 24°C.
The results show a strong dependence on temperature and required contact times ranging from two
days to more than“a month, depending on environmental factors and mortality required.

Brady et al. (1996) compared the efficiency of chlorine to.control growth of zebra mussel and quagga
mussel (Dreissena bugensis). The quagga mussel is a newly identified mollusk within the Great
Lakes that is similar in appearance to the zebra mussel. Full-scale chlorination treatment found a
significantly higher mortality for the quagga mussel. The required contact time for 100 percent
mortality for quagga and zebra mussels was 23 days and 37 days, respectively, suggesting that
chlorination programs designed to control zebra mussels should also be effective for controlling
populations of quagga mussels.

Matisoff et al. (1996) evaluated chlorine dioxide (Cl0;) to control adult zebra mussels using single,
intermittent, and continuous exposures. A single 30-minute exposure to 20 mg/L chlorine dioxide or
higher concentration induced at least 50 percent mortality, while sodium hypochlorite produced only
26 percent mortality, and permanganate and hydrogen peroxide were totally ineffective when dosed
at 30 mg/L for 30 minutes under the same conditions. These high dosages, even though only used
for a short period, may not allow application directly in water for certain applications due to
byproducts that remain in the water. Continuous exposure to chlorine dioxide for four days was
effective at concentrations above 0.5 mg/L (LC50 = 0.35 mg/L), and 100 percent mortality was
achieved at chlorine dioxide concentrations above 1 mg/L. ‘

These experiences all show that the dose required to induce mortality to these nuisance organisms is
extremely high, both in terms of chemical dose and contact time. The potential impact on DBPs is
significant, especially when the water is high in organic content with a high propensity to form
THMs and other DBPs.

2.2.3 Oxidation of Iron and Ménganese

Tron and manganese occur frequently in ground waters but are less problematic in surface waters.
Although not harmful to human health at the low concentrations typically found in water, these
compounds can cause staining and taste problems. These compounds are readily treated by oxidation
to produce a precipitant that is removed in subsequent sedimentation and filtration procésses.

Almost all the common oxidants except chloramines will convert ferrous (2+) iron to the ferric (3+)
state and manganese (2+) to the (4+) state, which will precipitate as ferric hydroxide and manganese
dioxide, respectively (AWWA, 1990). The precise chemical composition of the precipitate will
depend on the nature of the water, temperature, and pH.

Table 2-7 shows that oxidant doses for iron and manganese control are relatively low. In addition,
the reactions are relatively rapid, on the order of seconds while DBP formation occurs over hours.
Therefore, with proper dosing, residual chlorine during iron and manganese oxidation is therefore
relatively low and short lived. These factors reduce the potential for DBP formation as a result of
oxidation for iron and manganese removal.
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2. DISINFECTANT USE IN WATER TREATMENT

Table 2-7. Oxidant Doses Required for Oxidation of Iron and Manganese

S won iy
o (mg/mgFe)

Chlorine, Cl2 - o
Chlorine dioxide, CIO2 - P YR
Ozone, Oz T o
Oxygen, Oz e e T e

Potassium pérmangan;ié, KMno4 o 094 e e e e 1

Source: Culp/Wesner/Culp, 1986; Langlais et al., 1991.
* Optimum pH for manganese oxidation using ozone is 8-8.5 Source: Reckhow et al., 1991.

2.2.4 Prevention of Regrowth in the Distribution System and
Maintenance of Biological Stability

Biodegradable organic compounds and ammonia in treated water can cause microbial growth in the
distribution system. “Biological stability” refers to a condition wherein the treated water quality does
not enhance biological growth in the distribution system. Biological stability can be accomplished in
several ways:

e Removing nutrients from the water prior to distribution;
e Maintaining a disinfectant residual in the treated water; and
s Combining nutrient removal and disinfectant residual maintenance.

To maintain biological stability in the distribution system, the Total Coliform Rule (TCR) requires
that treated water have a residual disinfectant of 0.2 mg/L when entering the distribution system. A
measurable disinfectant residual must be maintained in the distribution system, or the utility must
show through monitoring that the heterotrophic plate count (HPC) remains less than 500/100 mL. A
system remains in compliance as long as 95 percent of samples meet these criteria. Chlorine,
monochloramine, and chlorine dioxide are typically used to maintain a disinfectant residual in the
distribution system. Filtration can also be used to enhance biological stability by reducing the
nutrients in the treated water.

The level of secondary disinfectant residual maintained is low, typically in the range of 0.1-0.3 mg/L,
depending on the distribution system and water quality. However, because the contact times in the
system are quite long, it is possible to generate significant amounts of DBPs in the distribution
system, even at Jow disinfectant doses. ‘

Distribution system problems associated with the use of combined chlorine residual (chloramines), or
no residual, have been documented in several instances. The use of combined chlorine is
characterized by an initial satisfactory phase in which chloramine residuals are easily maintained
throughout the system and bacterial counts are very low. However, problems may develop over a
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2. DISINFECTANT USE IN WATER TREATMENT

period of years including increased bacterial counts, reduced combined chlorine residual, increased
taste and odor complaints, and reduced transmission main carrying capacity. Conversion of the
system to free-chlorine residual produces an initial increase in consumer complaints of taste and
odors resulting from oxidation of accumulated organic material. Also, it is difficult to maintain a
free-chlorine concentration at the ends of the distribution system (AWWA, 1990).

2 2.5 Removal of Taste and Odors Through Chemical Oxidation

Tastes and odors in drinking water are caused by several sources, including microorganisms,
decaying vegetation, hydrogen sulfide, and specific compounds of municipal, industrial, or
agricultural origin. Disinfectants themselves can also create taste and odor problems. In addition to
a specific taste-and odor-causing compound, the sensory impact is often accentuated by a
combination of compounds. More recently, significant attention has been given to tastes and odors
from specific compounds such as geosmin, 2-methylisoborneol (MIB), and chlorinated inorganic and
organic compounds (AWWAREF, 1987).

Oxidation is commonly used to remove taste and odor causing compounds. Because many of these
compounds are very resistant to oxidation, advanced oxidation processes (ozone/hydrogen peroxide,
ozone/UV, etc.) and ozone by itself are often used to address taste and odor problems. The
effectiveness of various chemicals to control taste and odors can be site-specific. Suffet et al. (1986)
found that ozone is generally the most effective oxidant for use in taste and odor treatment. They
found ozone doses of 2.5 to 2.7 mg/L and 10 minutes of contact time (residual 0.2 mg/L)
significantly reduce levels of taste and odors. Lalezary et al. (1986) used chlorine, chlorine dioxide,
ozone, and permanganate to treat earthy-musty smelling compounﬂs. In that study, chlorine dioxide
was found most effective, although none of the oxidants were able to remove geosmin and MIB by
more than 40 to 60 percent. Potassium permanganate has been used in doses of 0.25 to 20 mg/L.
Studies at the Metropolitan Water District of Southern California demonstrated the effectiveness of
peroxone (ozone plus hydrogen peroxide) to remove geosmin and MIB in water treatment (Ferguson
et al., 1990; Ferguson et al., 1991; Huck et al,, 1995).

Prior experiences with taste and odor treatment indicate that oxidant doses are dependent on the
source of the water and causative compounds. In general, small doses can be effective for many taste
and odor compounds, but some of the difficult-to-treat compounds require strong oxidants such as
ozone and/or advanced oxidation processes or alternative technologies such as granular activated
carbon (GAC) adsorption.

2.2.6 Improvement of Coagulation and Filtration Efficiency

Oxidants, specifically ozone, have been reported to improve coagulation and filtration efficiency (Gurol
and Pidatella, 1983; Farvardin and Collins, 1990; Reckhow et al,, 1993; Masschelein, 1992). Others,
however, have found no improvement in effluent turbidity from oxidation (Tobiason et al., 1992;
Hiltebrand et al., 1986). Prendiville (1986) collected data from a large treatment plant showing that
preozonation was more effective than prechlorination to reduce filter effluent turbidities. The cause of
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the improved coagulation is not clear, but several possibilities have been offered (Reckhow et al., . .
1986), including:

e Oxidation of organics into more polar forms;

» Oxidation of metal ions to yield insoluble complexes such as ferric iron complexes; and

¢ Change in the structure and size of suspended particles.

2.2.7 Prevention of Algal Growth in Sedimentation Basins and
Filters

Prechlorination is often used to minimize operational problems associated with biological growth in
water treatment plants (AWWA, 1990; Culp/Wesner/Culp, 1986). Prechlorination will prevent
slime formation on filters, pipes, and tanks, and reduce potential taste and odor problems associated
with such slimes. Many sedimentation and filtration facilities operate with a small chiorine residual
to prevent growth of algae and bacteria in the launders and on the filter surfaces. This practice has
increased in recent years as utilities take advantage of additional contact time in the treatment units to
meet disinfection requirements under the SWTR.

2.2.8 Removal of Color

Free chlorine is used for color removal. A low pH is favored. Color is caused by humic compounds,
which have a high potential for DBP formation. The chlorine dosage and kinetics for color removal
are best determined through bench studies.

2.3 Disinfection Byproducts and Disinfection Residuals

2.3.1 Types of DBPs and Disinfection Residuals

Table 2-8 is a list, compiled by EPA, of DBPs and disinfection residuals that may be of health
concern. The table includes both the disinfectant residuals and the specific byproducts produced by
the disinfectants of interest in drinking water treatment. These contaminants of concern are grouped
into four distinct categories and include disinfectant residuals, inorganic byproducts, organic
oxidation byproducts, and halogenated organic byproducts. Tables 1-3 and 1-4 list the disinfection
byproducts and disinfectant residuals that are currently regulated.
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Table 2-8. List of Disinfection Byproducts and Disinfection Residuals -

DISINFECTANT RESIDUALS : HALOGENATED ORGANIC BYPRODUCTS
Free Chlorine  Trihalomethanes
Hypochlorous Acid Chloroform
Hypochlorite lon Bromodichloromethane
Chloramines Dibromochloromethane
Monochloramine Bromoform
Chlorine Dioxide Haloacetic Acids
INORGANIC BYPRODUCTS Monochloroacetic Acid
Chlorate lon Dichloroacetic Acid
Chiorite lon Trichloroacetic Acid
Bromate lon Monobromoacetic Acid
lodate lon Dibromoacetic Acid
Hydrogen Peroxide Haloacetonitriles
Ammonia Dichloroacetronitrile
ORGANIC OXIDATION BYPRODUCTS Bromochloroacetonitrile
Aldehydes Dibromoacetonitriie
Formaldehyde . Trichloroacetonitrile
Acetaldehyde ~ ' Haloketones
Giyoxal 1,1-Dichloropropanone
Hexanal 1,1,1-Trichloropropanone
Heptanal . Chlorophenols
Carboxylic Acids 2-Chlorophenol
Hexanoic Acid ‘ 2,4-Dichlorophenol
Heptanoic Acid 2,4,6-Trichlorophenol
Oxalic Acid Chloropicrin
Assimilable Organic Carbon ‘ Chioral Hydrate
Cyanogen Chloride
N-Organochloramines
MX*

* 3-Chloro-4-(dichioromethyl)-5-hydroxy-2(5H)-furanone

The production of DBPs depend on the type of disinfectant, the presence of organic material (e.g.,
TOC), bromide ion, and other environmental factors as discussed in this manual. By removing DBP
precursors, the formation of DBPs can be reduced.

The health effects of DBPs and disinfectants are generally evaluated with epidemiological studies
and/or toxicological studies using laboratory animals. Table 2-9 indicates the cancer classifications
of both disinfectants and DBPs as of January 1999. The classification scheme used by EPA is
shown at the bottom of Table 2-9. The EPA classification scheme for carcinogenicity weighs both
animal studies and epidemiologic studies, but places greater weight on evidence of carcinogenicity in
humans.
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Chloroform

Bromodichloromethane -
Dibromochloromethane ”

Monochloroacetio Acig T NS

' Dichloroacetic Acid w ‘ w’ R - m ) e
Trichloroacetic Acid ) C |
Dichioroncetontile ‘. C e

Bromochloroacetonitrile ' _ -
Dibromoacetoriile e s e e o s e ot
Trichloroacetonitrile

1,1-Dichloropropanone
1,1,1-Trichloropropénohe s

2-Chlorophenol D o
2,4-Dichlorophenol
2,4,6-Trichlorophenol B2
Chloropicrin -
Chloral Hydrate C
Cyanogen Chloride -
Formaldehyde B1®
Chlorate -
Chlorite D
Bromate B2
Ammonia , D
Hypochlorous Acid -
Hypochlorite ) -
Monochloramine .-
Chlorine Dioxide ‘ D
(1) The scheme for categorizing chemicals according to their carcinogenic potential is as follows:*
Group A: Sufficient evidence in epidemiologic studies to support casual association
Human Carcinogen between exposure and cancer. ) L
Group B: Limited evidence in epidemiologic studies (Group B1) and/or sufficient
Probable Human Carcinogen evidence from animal studies (Group B2) ) ‘
Group C: Limited evidence from animal studies and inadequate or no data in humans
Possible Human Carcinogen o o ‘
Group D: Inadequate or no human and animal evidence of carcinogenicity
Not Classifiable ‘ By i o o
Group E: No evidence of carcinogenicity in at least two adequate animatl tests in
No Evidence of Carcinogenicity different species or in adequate epidemiologic and animal studies.
for Humans
* EPA is in the process of revising the Cancer Guidelines
Source: USEPA, 1996
# Based on inhalation exposure.
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2.3.2 Disinfection Byproduct Formation

Halogenated organic byproducts are formed when natural organic matter (NOM) reacts with free
chlorine or free bromine. Free chlorine can be introduced to water directly as a primary or secondary
disinfectant, with chlorine dioxide, or with chloramines. Free bromine results from the oxidation of
the bromide ion in source water. Factors affecting formation of halogenated DBPs include type and
concentration of natural organic matter, oxidant type and dose, time, bromide ion concentration, pH,
organic nitrogen concentration, and temperature. Organic nitrogen significantly influences the
formation of nitrogen containing DBPs such as the haloacetonitriles, halopicrins, and cyanogen
halides (Reckhow et al., 1990; Hoigné and Bader, 1988). The parameter TOX represents the
concentration of total organic halides in a water sample (calculated as chioride). In general, less than
50 percent of the TOX content has been identified, despite evidence that several of these unknown
halogenated byproducts of water chlorination may be harmful to humans (Singer and Chang, 1989).

Non-halogenated DBPs are also formed when strong oxidants react with organic compounds found in
water. Ozone and peroxone oxidation of organics leads to the production of aldehydes, aldo- and
keto-acids, organic acids, and, when bromide ion is present, brominated organics (Singer, 1992).
Many of the oxidation byproducts are biodegradable and appear as biodegradable dissolved organic
carbon (BDOC) and assimilable organic carbon (AOC) in treated water.

Bromide ion plays a key role in DBP formation. Ozone or free chlorine oxidizes bromide ion to
hypobromate ion/hypobromous acid, which subsequently forms brominated DBPs. Brominated
organic byproducts include compounds such as bromoform, brominated acetic acids and

_ acetonitriles, bromopicrin, and cyanogen bromide. Only about one third of the bromide ions
incorporated into byproducts has been identified. - '

2.3.2.1 Disinfection Byproduct Precursors

Numerous researchers have documented that NOM is the principal precursor of organic DBP
formation (Stevens et al., 1976; Babcock and Singer 1979; Christman et al., 1983). Chlorine reacts
with NOM to produce a variety of DBPs, including THMs, haloacetic acids (HAAs), and others.
Ozone reacts with NOM to produce aldehydes, organic acids, and aldo- and keto-acids; many of
these are produced by chlorine as well (Singer and Harrington, 1993).

Natural waters contain mixtures of both humic and nonhumic organic substances. NOM can be
subdivided into a hydrophobic fraction composed of primarily humic material, and a hydrophilic
fraction composed of primarily fulvic material.

The type and concentration of NOM are often assessed using surrogate measures. Although
surrogate parameters have limitations, they are used because they may be measured more easily,
rapidly, and inexpensively than the parameter of interest, often allowing on-line monitoring of the
operation and performance of water treatment plants. Surrogates used to assess NOM include:

e Total and dissolved organic carbon (TOC and DOC);
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¢ Specific ultraviolet light absorbance (SUVA), which is the absorbance at 254 nm wavelength
(UV-254) divided by DOC (SUVA = (UV-254/DOC)*100, in L/mg-m);

* THM formation potential (THMFP) -- a test measuring the quantity of THMs formed with a high
dosage of free chlorine and a long reaction time; and

¢ TTHM Simulated Distribution System (SDS) -- a test to predict the TTHM concentration at some
selected point in a given distribution system, where the conditions of the chlorination test
simulate the distribution system at the point desired.

On average, about 90 percent of the TOC is dissolved. DOC is defined as the TOC able to pass
through a 0.45 um filter. UV absorbance is a good technique for assessing the presence of DOC
because DOC primarily consists of humic substances, which contain aromatic structures that absorb
light in the UV spectrum. Oxidation of DOC reduces the UV absorbance of the water due to
oxidation of some of the organic bonds that absorb UV absorbance. Complete mineralization of
organic compounds to carbon dioxide usually does not occur under water treatment conditions;
therefore, the overall TOC concentration usually is constant.

DBP concentrations vary seasonally and are typically greatest in the summer and early fall for
several reasons:

e The rate of DBP formation increases with increasing temperature (Singer et al., 1992);
* The nature of organic DBP precursors varies with season (Singer et al., 1992); and

* Due to warmer temperatures, chlorine demand may be greater during summer months requiring
higher dosages to maintain disinfection.

If the bromide ion is present in source waters, it can be oxidized to hypobromous acid that can react
with NOM to form brominated DBPs, such as bromoform. Furthermore, under certain conditions,
ozone may react with the hypobromite ion (OBr’) to form bromate ion (BrO).

The ratio of bromide ion to the chlorine dose affects THM formation and bromine substitution of
chlorine. Increasing the bromide ion to chlorine dose ratio shifts the speciation of THMs to produce
more brominated forms (Krasner et al., 1989; Black et al., 1996). In the Krasner et al. study, the
chlorine dose was roughly proportional to TOC concentration. As TOC was removed through the
treatment train, the chlorine dose decreased and TTHM formation declined. However, at the same
time, the bromide ion to chlorine dose increased, thereby shifting TTHM concentrations to the more
brominated THMs. Therefore, improving the removal of NOM prior to chlorination can shift the
speciation of halogenated byproducts toward more brominated forms.

Chloropicrin is produced by the chlorination of humic materials in the presence of nitrate ion
(Duguet et al., 1985; Thibaud et al., 1987). Thibaud et al. (1988) chlorinated humic compounds in
the presence of bromide ion to demonstrate the formation of brominated analogs to chloropicrin.
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2.3.2.2 Impacts of pH on DBP Formation

The pH of water being chlorinated has an impact on the formation of halogenated byproducts as
shown in Table 2-10 (Reckhow and Singer, 1985; Stevens et al., 1989). THM formation increases
with increasing pH. Trichloroacetic acid, dichloroacetonitrile, and trichloropropanone formation
decrease with increased pH. Overall TOX formation decreases with increasing pH.

Based on chlorination studies of humic material in model systems, high pH tends to favor chloroform
formation over the formation of trichloroacetic acid and other organic halides. Accordingly, water
treatment plants practicing precipitative softening at pH values greater than 9.5 to 10 are likely to
have a higher fraction of TOX attributable to THMs than plants treating surface waters by .
conventional treatment in pH ranges of 6 to 8 (Singer and Chang, 1989).

Since the application of chlorine dioxide and chloramines may introduce free chlorine into water,
chlorination byproducts that may be formed would be influenced by pH as discussed above. Ozone
application to bromide ion containing waters at high pH favors the formation of bromate ion, while
application at low pH favors the formation of brominated organic byproducts. See discussion under
individual disinfectants for a more detailed discussion on pH impacts on DBP formation.

The pH also impacts enhanced coagulation (i.e., for ESWTR compliance) and Lead and Copper Rule
Compliance. These issues are addressed in EPA’s Microbial and Disinfection Byproduct
Simultaneous Compliance Guidance Manual (expected to be available in 1999).

2.3.2.3 Organic Oxidation Byproducts

Organic/oxidation byproducts are formed by reactions between NOM and all oxidizing agents added
during drinking water treatment. Some of these byproducts are halogenated, as discussed in the
previous section, while others are not. The types and concentrations of organic oxidation byproducts
' produced depend on the type and dosage of the oxidant being used, chemical characteristics and
concentration of the NOM being oxidized, and other factors such as the pH and temperature.

Specific chemical byproducts belonging to the classification of halogenated organic oxidation
products are listed in Table 2-10. As presented in Table 2-10, the formation of DBPs is pH
dependent. Comparisons in the table are made to the formation of TTHMs at a pH of 7.0. AOC is
not a specific organic contaminant, but a generally used surrogate measure of bacterial regrowth
potential in distribution systems. AOC is comprised of many chemical species, including the
aldehydes and carboxylic acids listed in Table 2-8. AOC formation studies, primarily performed in
the Netherlands, have shown that both ozonation and chlorination can increase concentrations of
AOC. This increase in AOC concentration is believed to be the result of oxidizing high molecular
weight organics to smaller and more readily bioassimilable molecules. Because AOC is not a
specific chemical contaminant, no specific health effects are attributable to AOC.
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Table 2-10. Conditions of Formation of DBPs

By-product Chlorination at pH 5.0

Conditions of Formation
Chlorination at pH 7.0

Chlorination at pH 9.4

Total Trihalomethanes Lower formation

Trichloroacetic Acid‘
pH 7.0

Dichloroacetic Acid
pH 5.0 and 9.4 - perhaps
slightly higher at pH 7.0

Monochloroacetic Acid At concentrations <5 ng/l,
trends not dlscernlble
Dibromoacetic Acid At concentratrons <1 pg/L

trends not discernible

“ Slmllar formatlon to that at

Similar forrrtattert to that at

éitnilar formation’ tolthat at

pH50

Srmrlar formatlon to that ‘

at pH 5.0 and 9.4-
perhaps slightly higher at
pH 7.0

At concentratlons <5 pg/L
trends not discernible

ngher formatlon

Lower formatlon

* Similar formation to that at
pH 6.0 and 7.0 - perhaps
slightly higher at pH 7.0

At concentratlons <5 pg/L
trends not dlscernlble

At concentratrons <1 pg/L,

trends not discernible

At concentratlons <1 pg/L
trends not drscernlble

 Similar formation to that at
pH7.0

Chloral Hydrate

Chloropicrin

Dichloroacetonitrile Hrgher formation

Bromochloroacetonitrile

Dibromoacetonitrile At concentrations
<.5 pg/L, trends not
discernible

Trichloroacetonitrile Not detected

1,1,1-Trichloropropanone  Higher formatieh

At cohcentratiens <1 pg/L, |
trends not dlscernlble

At concentrations <2 pg/L,
trends not dlscernlble

H Not detected

Similar formatron to that at
pH 5.0

At concentratlons <1 pg/L
trends not dlscernlble

Forms within 4 hours,
decays over time to <5
g/L

At concentratlons <1 ug/L '
trends not discernible

Forms w1th|n 4 ttodrs
decays over time to <5

ug/L

At concentratrons <2 pg/L
trends not dlscernlble

At concentratlons
<.5 pg/L, trends not
discernible

At concentratlons <2 pg/L
trends not discernible

Concentrations <2 pg/L,
trends not discernible

AL o 5 B8 RO 1

At concentratrons <2 pg/L
trends not dlscermble

At concentratlons
<.5 pg/L, trends not
discernible

Notwdetected e s et
Not detected

Source: Stevens et al., 1989.

2.3.2.4

Inorganic Byproducts and Disinfectants

Table 2-11 shows some of the inorganic DBPs that are produced or remain as residual during
disinfection. As discussed earlier, bromide ion reacts with strong oxidants to form bromate ion and
other organic DBPs. Chlorine dioxide and chloramines leave residuals that are of concern for health
considerations, as well as for taste and odor. The significance of these compounds is discussed

further in subsequent chapters.
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Table 2-11. Inorganic DBPs Produced During Disinfection

Disinfectant " Inorganic Byproduct or Disinfectant Residual Discussed
Chlorine Dioxide Chlorine Dioxide, Chliorite ion, Chlorate ion, Bromate ion (in presence of light)
Ozone Bromate ion, Hydrogen Peroxide '

Chloramination Monochloramine, Dichloramine, Trichloramine, Ammonia, Cyanogen Chloride

2.3.3 DBP Control Strategies

In 1983, the EPA identified technologies, treatment techniques, and plant modifications that
community water systems could use to comply with the maximum contaminant level for TTHMs.
The principal treatment modifications involved moving the point of chlorination downstream in the
water treatment plant, improving the coagulation process to enhance the removal of DBP precursors,
and using chloramines to supplement or replace the use of free chlorine (Singer, 1993). Moving the
point of chlorination downstream in the treatment train often is very effective in reducing DBP
formation, because it allows the NOM precursor concentration to be reduced during treatment prior
to chlorine addition. Replacing prechlorination by preoxidation with an alternate disinfectant that
produces less DBPs is another option for reducing formation of chlorinated byproducts.

Other options to control the formation of DBPs include; source water quality control, DBP precursor
removal, and disinfection strategy selection. An overview of each is provided below.

2.3.3.1 Source Water Quality Control

Source water control strategies involve managing the source water to lower the concentrations of
NOM and bromide ion in the source water. Research has shown that algal growth leads to the
production of DBP precursors (Oliver and Shindler, 1980; Wachter and Andelman, 1984; Karimi and
Singer, 1991). Therefore, nutrient and algal management is one method of controlling DBP
formation potential of source waters. Control of bromide ion in source waters may be accomplished
by preventing brine or salt water intrusion into the water source.

2.3.3.2 DBP Precursor Removal

Raw water can include DBP precursors in both dissolved and particulate forms. For the dissolved
precursors to be removed in conventional treatment, they must be converted to particulate form for
subsequent removal during settling and filtering. The THM formation potential generally decreases
by about 50 percent‘through'conventional coagulation and settling, indicating the importance of
moving the point of chlorine application after coagulatién and settling (and even filtration) to control
TOX as well as TTHM formation (Singer and Chang, 1989). Conventional systems can lower the
DBP formation potential of water prior to disinfection by further removing precursors with enhanced
coagulation, GAC adsorption, or membrane filtration prior to disinfection. Precursor removal
efficiencies are site-specific and vary with different source waters and treatment techniques.

t
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optimal pH for NOM removal is in the range of 5.5 to 6.0. The addition of alum decreases pH and
may allow the optimal pH range to be reached without acid addition. However, waters with very low
or very high alkalinities may require the addition of base or acid to reach the optimal NOM
coagulation pH (Singer, 1992).

Aluminum (alum) and iron (ferric) salts can remove variable amounts of NOM. For alum, the ‘

GAC adsorption can be used following filtration to remove additional NOM. For most applications,
empty bed contact times in excess of 20 minutes are required, with regeneration frequencies on the
order of 2 to 3 months (Singer, 1992). These long contact times and frequent regeneration
requirements make GAC an expensive treatment option. In cases where prechlorination is practiced,
the chlorine rapidly degrades GAC. Addition of a disinfectant to the GAC bed can result in specific
reactions in which previously absorbed compounds leach into the treated water.

Membrane filtration has been shown effective in removing DBP precursors in some instances. In
pilot studies, ultrafiltration (UF) with a molecular weight cutoff (MWCO) of 100,000 daltons was
ineffective for controlling DBP formation. However, when little or no bromide ion was present in
source water, nanofiltration (NF) membranes with MWCOs of 400 to 800 daltons effectively
controlled DBP formation (Liiné et al., 1993). In waters containing bromide ion, higher bromoform
concentrations were observed after chlorination of membrane permeate (compared with raw water).
This occurs as a result of filtration removing NOM while concentrating bromide ions in the permeate
thus providing a higher ratio of bromide ions to NOM than in raw water. This reduction in chlorine
demand increases the ratio of bromide to chlorine, resulting in higher bromoform concentrations after ‘
chlorination of NF membrane permeate (compared with the raw water). TTHMs were lower in
chlorinated permeate than chlorinated raw water. However, due to the shift in speciation of THMs
toward more brominated forms, bromoform concentrations were actually greater in chlorinated
treated water than in chlorinated raw. water. Use of spiral-wound NF membranes (200—-300 daltons)
more effectively controlled the formation of brominated THMs, but pretreatment of the water was
necessary (Lainé et al., 1993). Significant limitations in the use of membranes are disposal of the
waste brine generated, fouling of membranes, cost of membrane replacement, and increasing energy
cost. i

The promulgated DBPR requires enhanced coagulation as an initial step for removal of DBP
precursors. In addition to meeting MCLs and MRDLs, some water suppliers also must meet
treatment requirements to control the organic material (DBP precursors) in the raw water that
combines with disinfectant residuals to form DBPs. Systems using conventional treatment are
required to control precursors (measured as TOC) by using enhanced coagulation or enhanced
softening. A system must remove a specified percentage of TOC (based on raw water quality) prior
to the point of continuous disinfection (Table 2-12).

Systems using ozone followed by biologically active filtration or chlorine dioxide that meet specific
criteria would be required to meet the TOC removal requirements prior to addition of a residual
disinfectant. Systems able to reduce TOC by a specified percentage level have met the DBPR
treatment technique requirement.
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Table 2-12. Required Removal of TOC by Enhanced Coagulation for Surface
Water Systems* Using Conventional Treatment™ (percent reduction)

Source Water Alkalinity (mg/L as CaCOz)
Source Water

TOC (mglL) 0-60 >60-120 >120""
>2.0-4.0 35.0 25.0 : 15.0
>4.0-8.0 45.0 35.0 25.0

>8.0 50.0 ' 40.0 30.0

+  Also applies to utilities that treat ground water under the influence of surface water.

++ Systems meeting at least one of the conditions in 40 CFR §§ 141.135(a)(1)(1)-(iv) are not required to operate with enhanced
coagulation.

+++ Systems practicing precipitative softening must meet the TOC removal requirements in this column.

If the system does not meet the percent reduction, it must determine its alternative minimum TOC
removal level. The primacy agency approves the alternative minimum TOC removal possible for the
system on the basis of the relationship between coagulant dose and TOC in the system based on
results of bench or pilot-scale testing. Enhanced coagulation is determined in part as the coagulant
dose where an incremental addition of 10 mg/L of alum (or an equivalent amount of ferric salt)
results in a TOC removal below 0.3 mg/L.

2.3.3.3 Disinfection Strategy Selection

In addition to improving the raw or predisinfectant water quality, alternative disinfection strategies
can be used to control DBPs. These strategies include the following:

e Use an alternative or supplemental disinfectant or oxidant such as chloramines or chlorine
dioxide that will produce fewer DBPs;

e Move the point of chlorination to reduce TTHM formation and, where necessary, substitute
chloramines, chlorine dioxide, or potassium permanganate for chlorine as a preoxidant;

e Use two different disinfectants or oxidants at various points in the treatment plant to avoid DBP
formation at locations where precursors are still present in high quantities;

e Use of powdered activated carbon for THM precursor or TTHM reduction seasonally or

intermittently; and

e Maximize precursor removal.

2.3.4 CT Factor

One of the most important factors for determining or predicting the germicidal efficiency of any
disinfectant is the CT factor, a version of the Chick-Watson law (Chick, 1908; Watson, 1908). The
CT factor is defined as the product of the residual disinfectant concentration, C, in mg/L, and the

' contact time, T, in minutes, that residual disinfectant is in contact with the water.
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EPA developed CT values for the inactivation of Giardia and viruses under the SWTR. Table 2-13
compares the CT values for virus inactivation using chlorine, chlorine dioxide, ozone, chloramine,
and ultraviolet light disinfection under specified conditions. Table 2-14 shows the CT values for
inactivation of Giardia cyst using chlorine, chloramine, chlorine dioxide, and ozone under specified
conditions. The CT values shown in Table 2-13 and Table 2-14 are based on water temperatures of
10°C and pH values in the range of 6 to 9. CT values for chlorine disinfection are based on a free
chlorine residual. Note that chlorine is less effective as pH increases from 6 to 9. In addition, for a
given CT value, a low C and a high T is more effective than the reverse (i.e., a high C and a low T).
For all disinfectants, as temperature increases, effectiveness increases.

Table 2-13. CT Values for Inactivation of Viruses

Disinfectant Units Inactivation
2-log . 3-log  4-log
Chioring’ e e mgmm/L - : i
Chloramine® mg - min/L. 643 1,067 1,491
Chlorine Dioxide® mg - min/L 4.2 12.8 25.1
Ozone mg - min/L 0.5 0.8 1.0
uv mW . s/em? 21 36 not available

CT values were obtained from AWWA, 1991.

! Values are based on a temperature of 10°C, pH range of 6 to 9, and a free chlorine residual of 0.2 to 0.5 mg/L.
2 Vatues are based on a temperature of 10°C and a pH of 8.

3 Values are based on a temperature of 10°C and a pH range of 6 to 9.

Table 2-14. CT Values for Inactivation of Giardia Cysts

Disinfectant Inactivation (mg - min/L)
0.5-log 1-log 1.5-log 2-log 2.5-log 3-log
‘ Chilorine’ ’ H 1‘7 éms* o 52 69' 8M7 w164':ww
Chloramine® 310 615 930 1,230 1,540 1,850
Chlorine Dioxide® 4 7.7 12 15 19 23

Ozone® 0.23 0.48 0.72 - 0.95 1.2 1.43

CT values were obtained from AWWA, 1991.

! values are based on a free chlorine residual less than or equal to 0.4 mg/L, temperature of 10°C, and a pH of 7.
% Values are based on a temperature of 10°C and a pH in the range of 6 to 9.

3 Values are based on a temperature of 10°C and apH of 6 to 9.

2.4 Pathogen Inactivation Versus DBP Formation

Table 2-15 presents a summary of disinfection parameter impacts on pathogen inactivation and DBP
formation.
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Table 2-15. Summary of Disinfection Impacts

Disinfection Parameter

Typical Impact on Pathogen
Inactivation

Typical Impact on DBP Formation

""Pisinfectanft{_ Type

Depends on inactivation efficacy

Depends on disinfectant reactivity

Disinfectant Strength

The stronger the dlsmfectant the

quicker the disinfection process.

Disinfecté{Hi“ Bose

Increasing the disinfectant dose
increases the disinfection rate.

The stronger the dlsmfectant the
greater the amount of DBPs.

Increasmg the disinfectant dose typ|cally
increases the rate of DBP formation.

Type of Organism

Susceptibility to disinfection varies

according to pathogen group. In general,

protozoa are more resistant to
disinfectants than bacteria and viruses.

None.

Contact Time

Increasing the contact time decreases
the disinfectant dose required for a
given level of inactivation.

Increaéing contacttime withan
equivalent disinfectant dose increases
the formation of DBPs.

pH

pH may affect the disinfectant form and,
in-turn, the efficiency of the disinfectant.

The impact of pH varies with DBP. See
Section 2.3.2.3 for a brief summary of
relationships between pH and DBP
formation.

Temperature

Increasing the temperature increases
the rate of disinfection.

Increasing temperature is typically
associated with faster oxidation kinetics,
hence, increased DBP formatlon

Turbidity

Dissolved Organics T

Particles respons:blefor turbldity can
surround and shield pathogenic
microorganisms from disinfectants.

Dissolved organics can interfere with |

disinfection by creating a demand and
reducing the amount of disinfectant
available for pathogen inactivation.

Increased turbidity may be assomated
with increased NOM, which represents
an increased amount of DBP precursors
for the formation of DBPs when
dlsmfectant is applled

Increased dissolved organlcs will

represent a larger amount of DBP
precursor for the formation of DBPs
when disinfectant is applied.

2.5 Disinfectant Residual Regulatory Requirements

One of the most important factors for evaluating the merits of alternative disinfectants is their ability
to maintain the microbial quality in the water distribution system. Disinfectant residuals may serve
to protect the distribution system against regrowth (Snead et al., 1980). The SWTR requires that
filtration and disinfection must be provided to ensure that the total treatment of the system achieves

at least a 3-log removal/inactivation of Giardia cysts and a 4-log removal/inactivation of viruses. In
addition, the disinfection process must demonstrate by continuous monitoring and recording that the
disinfectant residual in the water entering the distribution system is never less than 0.2 mg/L for more
than 4 hours.

Several of the alternative disinfectants examined in this manual cannot be used to meet the residual
requirements stated in the SWTR. For example, if either ozone or ultraviolet light disinfection are
used as the primary disinfectant, a secondary disinfectant such as chlorine or chloramines should be
utilized to obtain a residual in the distribution system.
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DBP formation continues in the distribution system due to reactions between the residual disinfectant
and organics in the water. Koch etal. (1991) found that with a chlorine dose of 3-4 mg/L, THM and ‘
HAA concentrations increase rapidly during the first 24 hours in the distribution system. After the

initial 48 hours, the subsequent increase in THMs is very small. Chloral hydrate concentrations

continued to increase after the initial 24 hours, but at a reduced rate. Haloketones actually decreased

in the distribution system.

Nieminski et al. (1993) evaluated DBP formation in the simulated distribution systems of treatment
plants in Utah. Finished water chlorine residuals ranged from 0.4 to 2.8 mg/L. Generally, THM
values in the distribution system studies increased by 50 to 100 percent (range of 30 to 200 percent)
of the plant effluent value after 24-hour contact time. The 24-hour THM concentration was
essentially the same as the 7-day THM formation potential. HAA concentrations in the simulated
distribution system was about 100 percent (range of 30 to 200 percent) of the HAA in the plant
effluent. The 7-day HAA formation potential was sometimes higher, or below the distribution
system values. If chlorine is used as a secondary disinfectant, one should therefore anticipate a 100-
percent increase in the plant effluent THMs, or plan to reach the 7-day THM formation level in the
distribution system.

2.6 Summary of Current National Disinfection Practices

Most water treatment plants disinfect water prior to distribution. The 1995 Community Water
Systems Survey (USEPA, 1997a) reports that 81 percent of all community water systems provide
some form of treatment on all or a portion of their water sources. The survey also found that
virtually all surface water systems provide some treatment of their water. Of those systems reporting
no treatment, 80 percent rely on ground water as their only water source.

The most commeonly used disinfectants/oxidants are chlorine, chlorine dioxide, chloramines, ozone,
and potassium permanganate. Table 2-16 shows a breakdown on the chemical usage from the
survey. Note that the table shows the percentages of systems using the particular chemical as either
disinfectant or some other role. The table shows the predominance of chlorine in surface and ground
water disinfection treatment systems with more than 60 percent of the treatment systems using
chlorine as disinfectant/oxidant. Potassium permanganate on the other hand, is used by many
systems, but its application is primarily for oxidation, rather than for disinfection.

Permanganate will have some beneficial impact on disinfection since it'is a strong oxidant that will
reduce the chemical demand for the ultimate disinfection chemical. Chloramine is used by some
systems and is more frequently used as a post-treatment disinfectant.

The International Ozone Association conducted a survey of ozone facilities in the United States
(IOA, 1997). The survey documented the types of ozone facilities, size, objective of ozone
application, and year of operation. Table 2-17 summarizes the findings from the survey. The most
common use for ozone is for oxidation of iron and manganese, and for taste and odor control.
Twenty-four of the 158 ozone facilities used GAC following ozonation. In addition to the 158
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operating ozone facilities, the survey identified 19 facilities under construction and another 30 under
design. The capacity of the systems range from less than 25 gpm to exceeding 500 mgd. Nearly half
of the operating facilities have a capacity exceeding 1 mgd. Rice et al. (1998) found that as of May
1998, 264 drinking water plants in the United States are using ozone.

Table 2-16. Disinfection Practices of Water Sysferhs that Include
- Some Form of Treatment

Service Population

Treatment - - - - -
o s L L S s e T
Surface Water Systems

Total Number of 218 432 330 845 679 626 103 104 3,337
Systems
Pre-Disinfection, Oxidation/Softening
Chlorine 59.0% 73.9% 67.3% 66.3% 68.8% 58.6% 47.5% 57.1% 63.8%
Chilorine dioxide 0 0 0 5.0 4.7 13.2 14.2 7.8 6.3
Chloramines 4.6 0 141 2.1 0 2.2 15.5 10.8 3.1
Ozone 0 0 0 0 0.3 0 5.4 5.8 0.9
KMnO, 0 4.9 9.6 . 9.9 15.2 28.3 25.9 28.5 16.0
Predisinfection/oxidation 0 0 2.0 2.9 0.6 9.2 5.1 4.3 '35
Lime/Soda ash softening 6.8 9.8 20.9 16.2 14.3 1.7 3.5 5.9 125
Recarbonation 0 0 0 ] 2.1 4.7 0.6 6.3 1.9
Post-Disinfection
Chiorine 49.7 %  51.6% 80.6% 62.8% 77.9% 71.1% 738 % 63.6 % 67.5 %
Chlorine dioxide 0 0 0 0 03 4.9 59 11.2 1.6
Chloramines 0 0 0 2.9 241 15.6 29.4 24,2 8.1
Postdisinfection 0 0 0 2.1 4.0 3.9 1.9 1.6 3.0
combinations

e L L R i Systems s o . e B s S 0 15 i e e s

- Total Number of 9,042 10,367 4,443 4,422 2,035 1,094 120 56 31,579
Systems :
Pre-Disinfection, Oxidation/Softening
Chlorine 642% 699% 567% 732% 606% 574% 362% 381 % 63.9 %
Chlorine dioxide 1.3 0 0 0 0 0 31 0 03
Chloramines 0 0 0 0 0 0.6 1.4 0.7 0.1
Ozone 0 0 0 0 0 0 0 0.6 0
KMnO, 0 0.9 2.2 0.6 5.8 3.2 7.0 0 1.8
Predisinfection/oxidation 0.3 0.5 0 0.7 1.0 - 26 0 0 0.7
Lime/Soda ash softening 29 2.9 2.2 3.6 3.5 3.8 5.0 9.1 3.2
Recarbonation 0 0.5 0 0.6 14 15 2.8 1.1 0.6
Post-Disinfection ‘
Chlorine 23.0 % 234% 32.5% 28.3% 42.5% 419% 545% 658% 31.0%
Chlorine dioxide 0 1.0 0 0 0 0.6 0 0 0.4
Chloramines 0 0 0 0 0.1 1.1 3.9 4.3 0.3
Postdisinfection 0 0 0 0 041 .01 0 0 0
combinations

Source: USEPA, 1997a.
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Table 2-17. Ozone Application in Water Treatment Plants in the United States ‘
Ozone Objective Number of Plants % Plants
THM Control 50 32
Disinfection ) 63 40
Iron/Manganese, Taste and Odor Control 92 58
Total 158 -

Source: IOA, 1997.

2.7 Chlorine

Although chlorine is not a focus of this guidance manual, the following section provides a brief
overview of chlorine use in the water treatment industry to compare with the alternative disinfectants
discussed in this manual. Since there is a wealth of excellent literature on chlorine’s uses and
performance capabilities, summarizing this large body of knowledge here is neither practical nor
necessary (see, for example: White, 1992; Chlorine Institute, 1996; and Connell, 1996).

One of the recent developments in chlorine disinfection is the use of multiple and interactive
disinfectants. In these applications, chlorine is combined with a second disinfectant to achieve
improved disinfection efficiency and/or effective DBP control. A detailed discussion on multiple
disinfectants, including chlorine combinations, is provided in Chapter 9.

As described earlier, the 1995 Communify Water System Survey (USEPA, 1997a), indicated that the
majority of all surface water and ground water systems in the United States use chlorine for
disinfection.

Chlorine has many attractive features that contribute to its wide use in the industry. Four of the key
attributes of chlorine are that it:

e Effectively inactivates a wide range of pathogens commonly found in water;

» Leaves a residual in the water that is easily measured and controlled;
o Iseconomical; and

e Has an extensive track record of successful use in improving water treatment operations (despite
the dangers associated with chlorine application and handling, specifically chlorine gas, it still
maintains an excellent safety record).

There are, however, some concerns regarding chlorine usage that may impact its uses such as:

e Chlorine reacts with many naturally occurring organic and inorganic compounds in water to
produce undesirable DBPs;

e Hazards associated with using chlorine, specifically chlorine gas, require special treatment and
response programs; and

» High chlorine doses can cause taste and odor problems.
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Chlorination is used in water treatment facilities primarily for disinfection. Because of chlorine’s
oxidizing powers, it has been found to serve other useful purposes in water treatment, such as (White,
1992):

e Taste and odor control;

e Prevention of algal growths;

e Maintenance of clear filter media;

e Removal of iron and manganese;

e Destruction of hydrogen sulfide;

e Bleaching of certain organic colors;

e Maintenance of distribution system water quality by controlling slime growth;
e Restoration and preservation of pipeline capacity;

e Restoration of well capacity, water main sterilization; and

e Improved coagulation by activated silica.

2.7.1 Chlorine Chemistry

Chlorine for disinfection typically is used in one of three forms: chlorine gas, sodium hypochlorite,
or calcium hypochlorite. A brief description of the chemistry of these three chemicals is provided
below.

2.7.1.1 Chlorine Gas

Chlorine gas hydrolyzes rapidly in water to form hypochlorous acid (HOCI). The following equation
presents the hydrolysis reaction:

Clyg +H,0 = HOCI+ H CI Equation 1

Note that the addition of chlorine gas to water reduces the pH of the water due to the production of
hydrogen ion.

Hypochlorous acid is a weak acid (pK, of about 7.5), meaning it dissociates slightly into hydrogen
and hypochlorite ions as noted in Equation 2:

HOCl < H +0 Cl | Equation 2

Between a pH of 6.5 and 8.5 this dissociation is incomplete and both HOCI] and OCl  species are
present to some extent (White, 1992). Below a pH of 6.5, no dissociation of HOCI occurs, while
above a pH of 8.5, complete dissociation to OCI” occurs. As the germicidal effects of HOCI is much
higher than that of OCI’, chlorination at a lower pH is preferred.
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2.7.1.2 Hypochlorite .

In addition to chlorine gas, chlorine is also available in hypochlorite form as both aqueous solutions
and dry solids. The most common aqueous hypochlorite solution is sodium hypochlorite. The most
common form of dry solid hypochlorite is calcium hypochlorite (White, 1992).

Sodium Hypochlorite. Sodium hypochiorite is produced when chlorine gas is dissolved in a sodium
hydroxide solution. Sodium hypochlorite solution typically contains 12.5 percent available chlorine
(White, 1992). One gallon of 12.5 percent sodium hypochlorite solution typically contains the
equivalent of one pound of chlorine.

The reaction between sodium hypochlorite and water is shown in the following reaction:
NaOCl +H,0 = HOC!I + Na*+ OH" Equation 3

Equation 3 shows that the application of sodium hypochlorite to water produces hypochlorous acid,
similar to chlorine gas hydrolysis (Equation 1). However, unlike chlorine hydrolysis, the addition of
sodium hypochlorite to water yields a hydroxyl ion that will increase the pH of the water. In
addition, excess sodium hydroxide is used to manufacture sodium hypochlorite, which will further
increase the pH of the water.

Calcium Hypochlorite. Calcium hypochlorite is formed from the precipitate that results from
dissolving chlorine gas in a solution of calcium oxide (lime) and sodium hydroxide. Granular
calcium hypochlorite commercially available typically contains 65 percent available chlorine. This
means that 1.5 pounds of calcium hypochlorite contains the equivalent of one pound of chlorine. The
reaction between calcium hypochlorite and water is shown in the following reaction:

Ca(0Cl); +2H,0 = 2HOC! + Ca*™ + 20H Equation 4

Equation 4 shows that the application of calcium hypochlorite to water also produces hypochlorous
acid, similar to chlorine gas hydrolysis (Equation 1). Similar to sodium hypochlorite solution, the
addition of calcium hypochlorite to water yields hydroxyl ions that will increase the pH of the water.

2.7.2 Chlorine Generation

Onsite generation of chlorine has recently become practical. These generation systems, using only
salt and electric power, can be designed to meet disinfection and residual standards and to operate
unattended at remote sites. Considerations for chlorine generation include cost, concentration of the
brine produced, availability of raw materials, and the reliability of the process (AWWA and ASCE,
1997).

2.7.2.1 Chlorine

Chlorine gas can be generated by a number of processes including the electrolysis of-alkaline brine or
hydrochloric acid, the reaction between sodium chloride and nitric acid, or the oxidation of
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hydrochloric acid. About 70 percent of the chlorine produced in the United States is manufactured

‘ from the electrolysis of salt brine and caustic solutions in a diaphragm cell (White, 1992). Since
chlorine is a stable compound, it is typically produced off-site by a chemical manufacturer. Once '
produced, chlorine is packaged as a liquefied gas under pressure for delivery to the site in railcars,
tanker trucks, or cylinders.

2.7.2.2 Sodium Hypochlorite

Dilute sodium hypochlorite solutions (less than 1 percent) can be generated electrochemically on-site
from salt brine solution. Typically, sodium hypochlorite solutions are referred to as liquid bleach or
Javelle water. Generally, the commercial or industrial grade solutions produced have hypochlorite
strengths of 10 to 16 percent. The stability of sodium hypochlorite solution depends on the
hypochlorite concentration, the storage temperature, the length of storage (time), the impurities of the
solution, and exposure to light. Decomposition of hypochlorite over time can affect the feed rate and
dosage, as well as produce undesirable byproducts such as chlorite ions or chlorate (Gordon et al.,
1995). Because of the storage problems, many systems are investigating onsite generation of
hypochlorite in lieu of its purchase from a manufacturer or vendor (USEPA, 1998b).

2.7.2.3 Calcium Hypochlorite

To produce calcium hypochlorite, hypochlorous acid is made by adding chlorine monoxide to water
and then neutralizing it with a lime slurry to create a solution of calcium hypochlorite. The water is

. removed from the solution, leaving granulated calcium hypochlorite. Generally, the final product
contains up to 70 percent available chlorine and 4 to 6 percent lime. Storage of calcium hypochlorite
is a major safety consideration. It should never be stored where it is subject to heat or allowed to
contact any organic material of an easily oxidized nature (USEPA, 1998b).

2.7.3 Primary Uses and Points of Application of Chlorine

2.7.3.1 Uses

The main usage of chlorine in drinking water treatment is for disinfection. However, chlorine has
also found application for a variety of other water treatment objectives such as, the control of
nuisance organisms, oxidation of taste and odor compounds, oxidation.of iron and manganese, color
removal, and as a general treatment aid to filtration and sedimentation processes (White, 1992;
Connell, 1996; Culp/Wesner/Culp, 1986). Table 2-18 presents a summary of chlorine uses and
doses.
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Table 2-18. Chlorine Uses and Doses

Other
Application Typical Dose Optimal pH  Reaction Time Effectiveness Considerations
lron 0.62 mg/mg Fe 7.0 less than 1 hour Good
Manganese 0.77 mg/mg Mn 7-8 1-3 hour Slow kinetics Reaction time
9.5 minutes increases at
lower pH
Biological 1-2 mg/L 6-8 NA Good DBP formation
growth
Taste/odor Varies 6-8 Varies Varies Effectiveness
depends on
compound
Color removal Varies 4.0-6.8 Minutes Good DBP formation
Zebra mussels 2-5 mg/L Shock level Good DBP formation
0.2-0.5 mg/L® Maintenance level
Asiatic clams 0.3-0.5 mg/L(a) Continuous Good DBP formation

Notes:
) Rasidual, not dose

Sources: Adapted in part from White, 1992; Connell, 1996; Culp/Wesner/Culp, 1986.

2.7.3.2 Points of Application

At conventional surface water treatment plants, chlorine is typically added for prechlorination at
either the raw water intake or flash mixer, for intermediate chlorination ahead of the filters, for
postchlorination at the filter clearwell, or for rechlorination of the distribution system (Connell,
1996). Table 2-19 summarizes the typical uses for each point of application.

Table 2-19. Typical Chlorine Points of Application and Uses

Point of Application Typical Uses

Raw Water Intake Zebra mussel and Asiatic clam control, control biological growth

Flash Mixer (prior to sedimentation) Disinfection, iron and manganese oxidation, taste and odor control,

oxidation of hydrogen sulfide

Disinfection, control biological growth in filter, iron and manganese
oxidation, taste and odor control, algae control, color removal

Filter Influent

Filter Clearwell Disinfection
Distribution System Maintain disinfectant residual
Sources: Connell, 1986; White, 1992; AWWA, 1930.

2.7.3.3 Typical Doses

Table 2-20 shows the typical dosages for the various forms of chlorine. The wide range of chlorine
gas dosages most likely represents its use as both an oxidant and a disinfectant. While sodium
hypochlorite and calcium hypochlorite can also serve as both an oxidant and a disinfectant, their
higher cost may limit their use.
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Table 2-20. Typical Chlorine Dosages at Water Treatment Plants

Chlorine Compound Range of Doses
Calcium hypochlorite 0.5-5 mg/L
Sodnumh;/pocr;lor—lteww- s e s < s 1 o 02 —2mg/L e e, e+
o Iormegasmmwww e 6mg/L g s s e

Source: SAIC, 1998, as adapted from EPA's review of public water systems' Initial Sampiing Plans which were
required by EPA’s Information Coliection Rule (ICR)

2.7.4 Pathogen Inactivation and Disinfection Efficacy

2.7.4.1 Inactivation Mechanisms

Research has shown that chlorine is capable of producing lethal events at or near the cell membrane
as well as affecting DNA. In bacteria, chlorine was found to adversely affect cell respiration,
transport, and possibly DNA activity (Haas and Engelbrecht, 1980). Chlorination was found to cause
an immediate decrease in oxygen utilization in both Escherichia coli and Candida parapsilosis
studies. The results also found that chlorine damages the cell wall membrane, promotes leakage
through the cell membrane, and produces lower levels of DNA synthesis for Escherichia coli,
Candida parapsilosis, and Mycobacterium fortuitum bacteria. This study also showed that chlorine
inactivation is rapid and does not require bacteria reproduction (Haas and Engelbrecht, 1980). These
observations rule out mutation or lesions as the principal inactivation mechanisms since these
mechanisms require at least one generation of replication for inactivation to occur.

2.7.4.2 Environmental Effects

Several environmental factors influence the inactivation efficiency of chlorine, including water
temperature, pH, contact time, mixing, turbidity, interfering substances, and the concentration of
available chlorine. In general, the highest levels of pathogen inactivation are achieved with high
chlorine residuals, long contact times, high water temperature, and good mixing, combined with a
low pH, low turbidity, and the absence of interfering substances. Of the environmental factors, pH
and temperature have the most impact on pathogen inactivation by chlorine. The effect of pH and
temperature on pathogen inactivation are discussed below.

pH. The germicidal efficiency of hypochlorous acid (HOCI) is much higher than that of the
hypochlorite ion (OCI"). The distribution of chlorine species between HOCI and OCI" is determined
by pH, as discussed above. Because HOCI dominates at low pH, chlorination provides more
effective disinfection at low pH. At high pH, OCI” dominates, which causes a decrease in )
disinfection efficiency.

The inactivation efficiency of gaseous chlorine and hypochlorite is the same at the same pH after
chlorine addition. Note, however, that addition of gaseous chlorine will decrease the pH (see
Equation 1) while the addition of hypochlorite will increase the pH of the water (see Equation 3 and
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Equation 4). Therefore, without pH adjustment to maintain the same treated water pH, gaseous ‘
chlorine will have greater disinfection efficiency than hypochlorite.

The impact of pH on chlorine disinfection has been demonstrated in the field. For example, virus
inactivation studies have shown that 50 percent more contact time is required at pH 7.0 than at pH
6.0 to achieve comparable levels of inactivation. These studies also demonstrated that a rise in pH
from 7.0 to 8.8 or 9.0 requires six times the contact time to achieve the same level of virus
inactivation (Culp and Culp, 1974). Although these studies found a decrease in inactivation with
increasing pH, some studies have shown the opposite effect. A 1972 study reported that viruses were
more sensitive to free chlorine at high pH than at low pH (Scarpino et al., 1972).

Temperature. For typical drinking water treatment temperatures, pathogen inactivation increases
with temperature. Virus studies indicate that the contact time should be increased by two to three
times to achieve comparable inactivation levels when the water temperature is lowered by 10°C
(Clarke et al., 1962).

2.7.4.3 Disinfection Efficacy

Since its introduction, numerous investigations have been made to determine the germicidal
efficiency of chlorine. Although there are widespread differences in the susceptibility of various
pathogens, the general order of increasing chlorine disinfection difficulty are bacteria, viruses, and
then protozoa.

Bacteria Inactivation. Chlorine is an extremely effective disinfectant for inactivating bacteria. A
study conducted during the 1940s investigated the inactivation levels as a function of time for E, coli,
Pseudomonas aeruginosa, Salmonella typhi, and Shigella dysenteriae (Butterfield et al., 1943). |
Study results indicated that HOCI is more effective than OCI for inactivation of these bacteria.

These results have been confirmed by several researchers that concluded that HOCI is 70 to 80 times
more effective than OCI" for inactivating bacteria. (Culp/Wesner/Culp, 1986).

Virus Inactivation. Chlorine has been shown to be a highly effective viricide. One of the most
comprehensive virus studies was conducted in 1971 using treated Potomac estuary water (Liu et al.,
1971). The tests were performed to determine the resistance of 20 different enteric viruses to free
chlorine under constant conditions of 0.5 mg/L free chlorine and a pH and temperature of 7.8 and
2°C, respectively. In this study, the least resistant virus was found to be reovirus and required 2.7
minutes to achieve 99.99 percent inactivation (4 log removal). The most resistant virus was found to
be a poliovirus, which required more than 60 minutes for 99.99 inactivation. The corresponding CT
range required to achieve 99.99 percent inactivation for all 20 viruses was between 1.4 to over 30
mg-min/L.

Virus survival studies have also been conducted on a variety of both laboratory and field strains
(AWWA, 1979). All of the virus inactivation tests in this study were performed at a free chlorine
residual of 0.4 mg/L, a pH of 7.0, a temperature of 5°C, and contact times of either 10, 100, or 1,000
minutes. Test results showed that of the twenty cultures tested only two poliovirus strains reached
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. 99.99 percent inactivation after 10 minutes (CT = 4 mg-min/L), six poliovirus strains reached 99.99
percent inactivation after 100 minutes (CT = 40 mg-min/L), and 11 of the 12 polioviruses plus one
Coxsackievirus strain (12 out of a total of 20 viruses) reached 99.99 percent inactivation after 1,000

minutes (CT = 400 mg-min/L).

Protozoa Inactivation. Chlorine has been shown to have limited success inactivating protozoa.
Data obtained during a 1984 study indicated that the resistance of Giardia cysts are two orders of
magnitude higher than that of enteroviruses and more than three orders of magnitude higher than the
enteric bacteria (Hoff et al., 1984). CT requirements for Giardia cysts inactivation when using
chlorine as a disinfectant has been determined for various pH and temperature conditions (AWWA,
1991). These CT values increase at low temperatures and high pH (See also Table 2-13).

Chlorine has little impact on the viability of Cryptosporidium oocysts when used at the relatively low
doses encountered in water treatment (e.g., 5 mg/L). Approximately 40 percent removals (0.2 log) of
Cryptosporidium were achieved at CT values of both 30 and 3,600 mg-min/L (Finch et al., 1994).
Another study determined that “no practical inactivation was observed” when oocysts were exposed
to free chlorine concentrations ranging from 5 to 80 mg/L at pH 8, a temperature of 22°C, and
contact times of 48 to 245 minutes (Gyiirék et al., 1996). CT values ranging from 3,000 to 4,000
mg-min/L were required to achieve 1-log of Cryptosporidium inactivation at pH 6.0 and temperature
of 22°C. During this study, one trial in which oocysts were exposed to 80 mg/L of free chlorine for
‘ 120 minutes was found to produce greater than 3-logs of inactivation.

2.7.4.4 CT Curves

Chlorine is regarded as a strong disinfectant that is effective at inactivating bacteria and viruses, and
under certain circumstances, Giardia. Because of chlorine’s extremely high virus inactivation '
efficiency, CT values are almost always governed by protozoa inactivation. For example, Figure 2-1
shows the CT values required to achieve between 0.5 and 3-logs of virus and Giardia inactivation
(AWWA, 1991). As shown, the CT values required to achieve the recommended disinfection
efficiency for conventional filtration systems (i.., 0.5-log Giardia cyst and 2-log virus inactivation
level) are 23 and 3 mg min/L, respectively. '
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Figure 2-1. Free Chlorine Giardia and Virus CT Requirements

CT values for Giardia inactivation for various pH values and temperatures at a chlorine dose of
3.0 mg/L are shown in Figures 2-2 and 2-3. As shown, the inactivation efficacy of free chlorine
decreases with increasing pH and/or decreasing temperature. CT values shown in Figures 2-2 and 2-
3 are based on animal infectivity and excystation studies. CT values ranging from 0.5 to 3-log
inactivation at temperatures of 0.5 and 5°C were based on a multiplicative model, and applying first
_ order Kinetics to the 99 percent upper confidence interval of the 99.99-percentile CT values. CT ‘
values for temperatures above 5°C were estimated by assuming a twofold decrease for every 10°C

decrease in temperature.
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Figure 2-2. CT Values for Inactivation of Giardia Cysts by Free Chlorine at 10°C
(at Cl> dose of 3.0 mg/L)
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Figure 2-3. CT Values for Inactivation of Giardia Cysts by Free Chlorine at pH 7.0
- (at Cl, dose of 3.0 mg/L)

2.7.5 DBP Formation and Control

2.7.5.1 DBP Formation

Halogenated organics are formed when natural organic matter (NOM) reacts with free chlorine or
free bromine. Free chlorine is normally introduced into water directly as a primary or secondary
disinfectant. Free bromine results from the oxidation by chlorine of the bromide ion in the source
water. Factors affecting the formation of these halogenated DBPs include type and concentration of
NOM, chlorine form and dose, time, bromide ion concentration, pH, organic nitrogen concentration,
and temperature. Organic nitrogen significantly influenced the formation of nitrogen containing
DBPs, including haloacetonitriles, halopicrines, and cyanogen halides (Reckhow et al., 1990; Hoigné
and Bader, 1988). |

The formation of DBPs is strongly related to TOC at the boint of disinfection. DBP formation also
correlates with the amount of chlorine consumed (Singer et al., 1995). Stevens et al. (1989) found
that higher TTHM formation occurs at high pH (9.4) than at low pH (5.0) while HAA showed no
clear trend as a function of pH. A survey of 35 water utilities conducted by MWDSC (Krasner et al.,
1989) showed the median TTHM and HAA concentrations measured as 39 and 19 pg/L (i.e. more
THMSs than HAAs are formed). However, a subsequent study by Singer et al. (1995) found a
reversal in dominance, with more HAAs than THMs produced in waters from North Carolina
utilities. They postulated that the reason for this change is due to the lower pH levels and differences
in TOC and bromide concentrations in the North Carolina waters. Pourmoghaddas et al. (1993)
showed that brominated and mixed brominated/chlorinated THMs and HAAs are formed when using
chlorine in the presence of bromide.
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The occurrence of THMs and HA As is important because regulatory limits are placed on both groups
of compounds. One water utility may therefore find that its chlorination practice is limited by the
production of THMSs, while another will find that HA As limit the use of chlorine. This distribution
of THMs and HAA is a function of the TOC and bromide concentration in the water, as well as the
pH during chlorination.

Of note, Chlorate is produced as a byproduct when hypochlorite degrades during storage.

2.7.5.2 DBP Control

DBPs can be controlled by several means, including removing the DBP precursors, modifying the
chlorination strategy, changing disinfectants, or removing the DBP itself. Because DBPs are
difficult to remove once they are formed, control strategies typically focus on the first three
methods.

Studies have shown that removal of TTHM precursors tends to remove the formation potential for

the other DBPs. Generally, aggregate DBP formation will decrease as the removal of TOC increases.

Recent research indicates that moving the point of chlorination back into the treatment process can
reduce the formation of DBPs.

Summers et al. (1997) recently summarized the results from four studies evaluating the impact of
pretreatment on DBP formation. Jar tests were conducted to simulate the water treatment through
rapid mix, coagulation, flocculation, and sedimentation. Chlorine was added at various points in the
jar testing to simulate the impact of various dose points on production of DBPs. The results clearly
demonstrate the benefits of delaying the point of chlorination downstream in the treatment train to
take advantage of precursor removal during initial flocculation and sedimentation processes. Table
2-21 summarizes the results from this study. '

Table 2-21. Percent Reduction in DBP Formation by Moving
Chlorination Point Later In_Treatment Train

Chlorination point TTHM TTHM HAAS HAAS5
Baseline (%) Enhanced (%) Baseline (%) Enhanced (%)
Pre rapid mix Basis 17 Basis 4.7
Post rapid mix 1.6 21 5.3 21
Mid flocculation 8.7 36 14 36
Post sedimentation 21 48 35 61

Notes: Source: USEPA, 1997b based on Summers et al., 1997.
Baseline = Baseline coagulant (alum) dose for optimal turbidity removal (~30 mg/L)
Enhanced = Enhanced coagulant (alum) dose for optimal TOC removal (~52 mg/L)

Table 2-21 also shows the benefit of enhanced coagulation to reduce DBP production. The THM
reduction of 21 percent by moving the chlorination point to post sedimentation is more than doubled
to 48 percent by enhanced coagulation. The HAA removal increases from 45 to 61 percent under
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enhanced coagulation with post sedimentation chlorination. Therefore, DBP control by selecting the
optimal dose location and conditions along with enhanced precursor removal can significantly reduce
DBP formation at low added cost.

White (1992) suggested that pretreatment goals should include: 1) maximizing THM precursor
removal; 2) reducing ammonia-N concentration to 0.10 mg/L; 3) reducing organic-N concentration to
0.05 mg/L; and 4) limiting 15-minute chlorine demand to 0.5 mg/L. These guidelines should
improve raw water quality sufficiently to allow the use of the free chlorine residual process without
exceeding the EPA MCLs for TTHMs. '

2.7.6 Operational Considerations
2.7.6.1 Application Methods

Different application methods are used, depending upon the form of chlorine used. The following
paragraphs describe the typical application methods for chlorine, sodium hypochlorite, and calcium
hypochlorite. '

Chlorine. Liquefied chlorine gas is typically evaporated to gaseous chlorine prior to metering. The
heat required for evaporation can be provided through either a liquid chlorine evaporator or the
ambient heat input to the storage container. Once the compressed liquid chlorine is evaporated,
chlorine gas is typically fed under vacuum conditions. Either an injector or a vacuum induction
mixer usually creates the required vacuum. The injector uses water flowing through a venturi to
draw the chlorine gas into a side stream of carrier water to form a concentrated chlorine solution.
This solution is then introduced into the process water through a diffuser or mixed with a mechanical
mixer. A vacuum induction mixer uses the motive forces of the mixer to create a vacuum and draws
the chlorine gas directly into the process water at the mixer.

Sodium Hypochlorite. Sodium hypochlorite solutions degrade over time. For example, a 12.5
percent hypochlorite solution will degrade to 10 percent in 30 days under “best case” conditions
(White, 1992). Increased temperature, exposure to light, and contact with metals increase the rate of
sodium hypochlorite degradation (Connell, 1996). o

Sodium hypochlorite solution is typically fed directly into the process water using a type of metering
pump. Similar to chlorine solution, sodium hypochlorite is mixed with the process water with either

a mechanical mixer or induction mixer. Sodium hypochlorite solution is typically not diluted prior to
mixing to reduce scaling prob]ems.

Calcium Hypochlorite. Commercial high-level calcium hypochlorite contains at least 70%
available chlorine (USEPA, 1991). Under normal storage conditions, calcium hypochlorite loses 3 to
5% of its available chlorine in a year (AWWA and ASCE, 1997). Calcium hypochlorite comes in
powder, granular, and compressed tablet forms (USEPA, 1991). Typically, calcium hypochlorite
solution is prepared by mixing powdered or granular calcium hypochlorite with a small flow. The
highly chlorinated solution is then flow paced into drinking water flow.
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2.7.6.2 Safety and Handling Considerations

Chlorine. Chlorine gas is a strong oxidizer. The U.S. Department of Transportation classifies
chlorine as a poisonous gas (Connell, 1996). Fire codes typically regulate the storage and use of
chlorine. In addition, facilities storing more than 2,500 pounds of-chlorine are subject to the
following two safety programs:

» Process Safety Management standards regulated by the Occupational Safety and Health
Administration under 29 CFR 1910.

e The Risk Management Program Rule administered by EPA under Section 112(r) of the Clean Air
Act.

All of these regulations (as well as local and state codes and regulations) must be considered during
the design and operation of chlorination facilities at a water treatment plant.

Sodium Hypochlorite. Sodium hypochlorite solution is a corrosive liquid with an approximate pH
of 12 (AWWA, 1990). Therefore, typical precautions for handling corrosive materials such as
avoiding contact with metals, including stainless steel, should be used.

Sodium hypochlorite solutions may contain chlorate. Chlorate is formed during the both the
manufacturing and storage of sodium hypochlorite (due to degradation of the product). Chlorate
formation can be minimized by reducing the degradation of sodium hypochlorite (Gilbert et al.,
1995) by limiting storage time, avoid high temperatures and reduce light exposure.

Spill containment must be provided for the sodium hypochlorite storage tanks. Typical spill
containment structures include containment for the entire contents of the largest tank (plus freeboard
for rainfall or fire sprinklers), no uncontrolled floor drains, and separate containment areas for each
incompatible chemical.

Calcium Hypochlorite. Calcium hypochlorite is an oxidant and as such should be stored separately
from organic materials that can be readily oxidized. It should also be stored away from sources of
heat. Improperly stored calcium hypochlorite has caused spontaneous combustion fires (White,
1992).

2.8 Summary

2.8.1 Advantages and Disadvantages of Chlorine Use

The following list presents selected advantages and disadvantages of using chlorine as a disinfection
method for drinking water (Masschelein, 1992; Process Applications, Inc., 1992). Because of the
wide variation of system size, water quality, and dosages applied, some of these advantages and
disadvantages may not apply to a particular system.
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Advantages

Oxidizes soluble iron, manganese, and sulfides

Enhances color removal

Enhances taste and odor

May enhance coagulation and filtration of particulate contaminants

Is an effective biocide ‘

Is the easiest and least expensive disinfection method, regardless of system size
Is the most widely used disinfection method, and therefore, the best known

Is available as calcium and sodium hypochlorite. Use of these solutions is more advantageous
for smaller systems than chlorine gas because they are easier to use, are safer, and need less
equipment compared to chlorine gas

Provides a residual.

Disadvantages

May cause a deterioration in coagulation/filtration of dissolved organic substances

Forms halogen-silbstituted byproducts

Finished water could have taste and odor problems, depending on the water quality and dosage
Chlorine gas is a hazardous corrosive gas

Special leak containment and scrubber facilities could be required for chlorine gas

Typically, sodium and calcium hypochlorite are more expensive than chlorine gas

Sodium hypochlorite degrades over time and with exposure to light

Sodium hypochlorite is a corrosive chemical

Calcium hypochlorite must be stored in a cool, dry place because of its reaction with moisture
and heat

A precipitate may form in a calcium hypochlorite solution because of impurities, therefore, an
antiscalant chemical may be needed

Higher concentrations of hypochlorite solutions are unstable and will produce chlorate as a
byproduct

Is less effective at high pH

Forms oxygenated byproducts that are biodegradable and which can enhance subsequent '
biological growth if a chlorine residual is not maintained.
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* Release of constituents bound in the distribution system (e.g., arsenic) by changing the redox
state.

2.8.2 Summary Table

Table 2-22 presents a summary of the considerations for the use of chlorine as a disinfectant.

Table 2-22. Summary of Chlorine Disinfection

Consideration Descrrptlon

Generation Chlonnatlon may be pen‘ormed using chlorme gas or other chlorlnated
compounds that may be in liquid or solid form. Chlorine gas can be
generated by a number of processes including the electrolysis of alkaline
brine or hydrochloric acid, the reaction between sodium chloride and nitric
acid, or the oxidation of hydrochloric acid. Since chlorine is a stable
compound, chlorine gas, sodium hypochlorite, and calcium hypochlorite are
typlcally produced off-site by a chemlcal manufacturer

Primary uses The primary use of chlonnatlon is dlsmfectlon Chlorlne also serves as an
oxidizing agent for taste and odor control, prevention of algal growths,
maintaining clear filter media, removal of iron and manganese, destruction
of hydrogen sulfide, color removal, maintaining the water quality at the
distribution systems di |mprovrng coagulatlon

Inactivation efficiency The general order of increasing chlonne drsmfectron drffrculty is bacterra
viruses, and then protozoa. Chiorine is an extremely effective disinfectant
for inactivating bacteria and highly effective viricide. However, chlorine is
less effective against Giardia cysts. Cryptosporidium oocysts are highly
resistant to chlorine

e e Ut

Byproduct formation ~ When added to the water free chlorme reacts with NOM‘ an bromlde to
form DBPs prlmanly THMSs, some haloacetlc acrds (HAAs) and others

5 LR 5

Point of application . ‘Raw water storage precoagulatlon/post raw water storage
presedimentation/ postcoagulation, postsedimentation/prefiltration, post
filtration (drsmfectlon) or in the distribution system

Special considerations Because chlorine is such a strong ox1dant and extremely corrosnve spemal
storage and handling considerations should be considered in the planning
of a water treatment plant. Additionally, health concerns associated with
handling and use of chlorine is an important consideration.

2.8.3 Reference for Additional Information on Chlorine

With the focus of this manual on disinfectants other than chlorine, all of chlorine’s uses and
capabilities are not described here. For more detailed information regarding the use of chlorine in
water treatment, refer to the list of references provided below. For complete references, see the
References section at the end of this chapter.
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Ozone was first used for drinking water treatment in 1893 in the Netherlands. While being used
frequently in Europe for drinking water disinfection and oxidation, it was slow to transfer to the
United States. In 1987, the Los Angeles Aqueduct Filtration Plant was placed in service and now
treats up to 600 mgd of drinking water. In 1991, approximately 40 water treatment plants each
serving more than 10,000 people in the United States utilized ozone (Langlais et al., 1991). This
number has grown significantly, with Rice (in press) reporting that as of April 1998, 264 operating
plants in the United States use ozone. Most of these facilities are small: 149 plants are below 1 mgd.

Ozone is used in water treatment for disinfection and oxidation. Early application of ozone in the
United States was primarily for non-disinfection purposes such as color removal or taste and odor
control. However, since the implementation of the SWTR and proposal of the DBP rule, ozone
usage for primary disinfection has increased in the United States.

3.1 Ozone Chemistry

Ozone exists as a gas at room temperature. The gas is colorless with a pungent odor readily
detectable at concentrations as low as 0.02 to 0.05 ppm (by volume), which is below concentrations
of health concern. Ozone gas is highly corrosive and toxic.

Ozone is a powerful oxidant, second only to the hydroxyl free radical, among chemicals typically
used in water treatment. Therefore, it is capable of oxidizing many organic and inorganic
compounds in water. These reactions with organic and inorganic compounds cause an ozone demand
in the water treated, which should be satisfied during water ozonation prior to developing a
measurable residual.

Ozone is sparingly soluble in water. At 20°C, the solubility of 100 percent ozone is only 570 mg/L
(Kinman, 1975). While ozone is more soluble than oxygeén, chlorine is 12 times more soluble than
ozone. Ozone concentrations used in water treatment are typically below 14 percent, which limits
the mass transfer driving force of gaseous ozone into the water. Consequently, typical concentrations
of ozone found during water treatment range from <0.1 to Img/L, although higher concentrations can
be attained under optimum conditions.

Basic chemistry research (Hoigné and Bader, 1983a and 1983b; Glaze et al., 1987) has shown that
ozone decomposes spontaneously during water treatment by a complex mechanism that involves the
generation of hydroxyl free radicals. The hydroxyl free radicals are among the most reactive
oxidizing agents in water, with reaction rates on the order of 10'° - 10> M! 5™, approaching the
diffusion control rates for solutes such as aromatic hydrocarbons, unsaturated compounds, aliphatic
alcohols, and formic acid (Hoigné and Bader, 1976). On the other hand, the half-life of hydroxyl free
radicals is on the order of microseconds, therefore concentrations of hydroxyl free radicals can never
reach levels above 10712 M (Glaze and Kang, 1988).
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As shown in Figure 3-1 ozone can react by either or both modes in aqueous solution (Hoigné and
Bader, 1977):

e Direct oxidation of compounds by molecular ozone (O3g))-

e Oxidation of compounds by hydroxyl free radicals produced during the decomposition of
ozone.

Direct Oxidation of Substrate

Indirect Oxidation of Substrate
by Hydroxyl Radical

———» Byproducts

Ozone Decomposition
via *OH

Radical Consumption by
HCO;, CO,?, etc.

—» Byproducts

Figure 3-1. Oxidation Reactions of Compounds (Substrate)
During Ozonation of Water

The two oxidation pathways compete for substrate (i.e., compounds to oxidize). The direct oxidation
with aqueous ozone is relatively slow (compared to hydroxyl free radical oxidation) but the
concentration of aqueous ozone is relatively high. On the other hand, the hydroxyl radical reaction is
fast, but the concentration of hydroxyl radicals under normal ozonation conditions is relatively smail.
Hoigné and Bader (1977) found that:

e Under acidic conditions, the direct oxidation with molecular ozone is of primary importance;
and

e Under conditions favoring hydroxyl free radical production, such as high pH, exposure to
UV, or addition of hydrogen peroxide, the hydroxyl oxidation starts to dominate.

This latter mechanism is used in advanced oxidation processes such as discussed in Chapter 7,
Peroxone, to increase the oxidation rates of substrates.

The spontaneous decomposition of ozone occurs through a series of steps. The exact mechanism and
reactions associated have not been established, but mechanistic models have been proposed (Hoigné
and Bader, 1983a and 1983b; Glaze, 1987). It is believed that hydroxyl radicals forms as one of the
intermediate products, and can react directly with compounds in the water. The decomposition of
ozone in pure water proceeds with hydroxyl free radicals produced as an intermediate product of
ozone decomposition, resulting in the net production of 1.5 mole hydroxy] free radicals per mole
ozone.
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In the presence of many compounds commonly encountered in water treatment, ozone decomposition
' forms hydroxyl! free radicals. Ozone demands are associated with the following:

e Reactions with natural organic matter (NOM) in the water. The oxidation of NOM leads to
the formation of aldehydes, organic acids, and aldo- and ketoacids (Singer, 1992).

¢ Organic oxidation byproducts. Organic oxidation byproducts are generally more amenable to
biological degradation and can be measured as assimilable organic carbon (AOC) or
biodegradable dissolved organic carbon (BDOC).

e Synthetic organic compounds (SOCs). Some SOCs can be oxidized and mineralized under
favorable conditions. To achieve total mineralization, hydroxyl radical oxidation should
usually be the dominant pathway, such as achieved in advanced oxidation processes.

e Oxidation of bromide ion. Oxidation of bromide ion leads to the formation of hypobromous
acid, hypobromite ion, bromate ion, brominated organics, and bromamines (see Figure 3-2).

e Bicarbonate or carbonate ions, commonly measured as alkalinity, will scavenge the hydroxyl
radicals and form carbonate radicals (Stachelin et al., 1984; Glaze and Kang, 1988). These
reactions are of importance for advanced oxidation processes where the radical oxidation
pathway is predominant. ‘
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Source: Gunten and Hoigné, 1996.
Figure 3-2. Reaction of Ozone and Bromlde lon Can Produce Bromate lon and
Brominated Organics
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3.2 Ozone Generation

3.2.1 Ozone Production

Because ozone is an unstable molecule, it should be generated at the point of application for use in
water treatment. It is generally formed by, combining an oxygen atom with an oxygen molecule

(02):

30 20;

This reaction is endothermic and requires a considerable input of energy.

Schonbein (Langlais et < biblio >) first discovered synthetic ozone through the electrolysis of
sulfuric acid. Ozone can be produced several ways, although one method, corona discharge,
predominates in the ozone generation industry. Ozone can also be produced by irradiating an
oxygen-containing gas with ultraviolet light, electrolytic reaction and other emerging technologies as
described by Rice (1996).

Corona discharge, also known as silent electrical discharge, consists of passing an oxygen-containing
gas through two electrodes separated by a dielectric and a discharge gap. Voltage is applied to the
electrodes, causing an electron flowthrough across the discharge gap. These electrons provide the
energy to disassociate the oxygen molecules, leading to the formation of ozone. Figure 3-3 shows a
basic ozone generator.

¢
L7~ 55
. @ N CORONA .
7W— gﬁgc%'fqz%oe

HEAT

Figure 3-3. Basic Ozone Generator
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3.2.2 System Components

As shown in Figure 3-4, ozone water treatment systems have four basic components: a gas feed
system, an ozone generator, an ozone contactor, and an off-gas destruction system. The gas feed
system provides a clean, dry source of oxygen to the generator. The ozone contactor transfers the
ozone-rich gas into the water to be treated, and provides contact time for disinfection (or other
reactions). The final process step, off-gas destruction, is required as ozone is toxic in the
concentrations present in the off-gas. Some plants include an off-gas recycle system that returns the
ozone-rich off-gas to the first contact chamber to reduce the ozone demand in the subsequent
chambers. Some systems also include a quench chamber to remove ozone residual in solution.

Atmosphere
Off'.@ff__* Ozone Destruction _J
Influent N
—_— o . / N
o o f}o o m ] - Effluent -
: >
[e] (e} .
[e] o]
o] (o] .
©° ° ° o Ozone
° - ° - : Quench
00 © 00 O . ( i
2o <o . 1 (Option)
(o BN o] o o0
<2° oo | L °
{Ozone Gas
Gas Feed Ozone
System > Generator

Figure 3-4. Simplified Ozone System Schematic

3.22.1 Gas Feed Systems

Ozone feed systems are classified as using air, high purity oxygen or mixture of the two. High purity
oxygen can be purchased and stored as a liquid (LOX), or it can be generated on-site through either a
-cryogenic process, with vacuum swing adsorption (VSA), or with pressure swing adsorption (PSA).
Cryogenic generation of oxygen is a complicated process and is feasible only in large systems.
Pressure swing adsorption is a process whereby a special molecular sieve is used under pressure to
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selectively remove nitrogen, carbon dioxide, water vapor, and hydrocarbons from air, producing an
oxygen rich (80-95 percent O,) feed gas. The components used in pressure swing adsorption
systems are similar to high pressure air feed systems in that both use pressure swing molecular
absorption equipment. Low pressure air feed systems use a heat reactivated desiccant dryer.

Oxygen Feed Systems - Liquid oxygen feed systems are relatively simple, consisting of a storage
tank or tanks, evaporators to convert the liquid to a gas, filters to remove impurities, and pressure
regulators to limit the gas pressure to the ozone generators.

Air Feed Systems - Air feed systems for ozone generators are fairly complicated as the air should be
properly conditioned to prevent damage to the generator. Air should be clean and dry, with a
maximum dew point of -60° C (-80° F) and free of contaminants. Air preparation systems typically
consist of air compressors, filters, dryers, and pressure regulators. Figure 3-5 is a schematic of large
scale air preparation system.

Particles greater than 1 pm and oil droplets greater than 0.05 pm should be removed by filtration
(Langlais et al., 1991). If hydrocarbons are present in the feed gas, granular activated carbon filters
should follow the particulate and oil filters. Moisture removal can be achieved by either compression
or cooling (for large-scale system), which lowers the holding capacity of the air, and by desiccant
drying, which strips the moisture from the air with a special medium. Desiccant dryers are required
for all air preparation systems. Large or small particles and moisture cause arcing which damages
generator dielectrics.

Typically, desiccant dryers are supplied with dual towers to allow regeneration of the saturated tower
while the other is in service. Moisture is removed from the dryer by either an external heat source or
by passing a fraction (10 to 30 percent) of the dried air through the saturated tower at reduced
pressure. Formerly, small systems that require only intermittent use of ozone , a single desiccant
tower is sufficient, provided that it is sized for regeneration during ozone decomposition time.

Air preparation systems can be classified by the operating pressure: ambient, low (less than 30 psig),

. medium, and high (greater than 60 psig) pressure. The distinguishing feature between low and high

pressure systems is that high pressure systems can use a heatless dryer. A heatless dryer operates
normally in the 100 psig range, rather than the 60 psig range. Rotary lobe, centrifugal, rotary screw,
liquid ring, vane, and reciprocating compressors can be used in air preparation systems. Table 3-1
lists the characteristics of many of these types of compressors.

Reciprocating and liquid ring compressors are the most common type used in the United States,
particularly in small systems, the former because the technology is so prevalent and the latter because
liquid ring compressors do not need aftercoolers. Air receivers are commonly used to provide
variable air flow from constant volume compressors. Oil-less compressors are used in modern
systems to avoid hydrocarbons in the feed gas (Dimitriou, 1990).
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Figure 3-5. Schematic of an Air Preparation System

Table 3-1. Types of Compressors Used in Air Preparation Systems

. CompressorType ~ ~  Pressure =~ Volume . Comments
Rotary lohe Low — 15 psi Constant or variable with Common in Europe

Centrifugal 30— 100 psi depending ~ Variable, high volume

Medium efficiency, cost effective in high

on no. of stages _ volumes
RotaryScrew 50 psi (single stage) to  Variable with unloading ~ Slightly more efficient than rotary lobe, draws
100 psi (2 stage) approximately 40% of full load power in

unloaded state, available in non-lubricated
Liquid Ring 10-80 psi Constant volume Does not require lubrication or aftercooler,
relatively inefficient, common in United

States. ‘
Vane High - to 100 psi Constant or variable Relatively inefficient, not common in us.
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Table 3-2 presents a comparison of the advantages and disadvantages of each gas feed system.

Table 3-2. Comparison of Air and High Purity Oxygen Feed Systems

s

Source Advantages - ‘ Disadvantages B
Aie ° Commonly‘used equipmeﬁt' T e More energy*cﬁ:onsumed pé} ozone volume
o Proven technology produced
e  Suitable for small and large systems e  Extensive gas handling equipment required
S . e Maximum ozone concentration of 3-56%
Oxygen (general) o  Higher ozone concentration (8-14%) o Safety concemns

e Approximately doubles 0zone concentration Oxygen resistant materials required

for same generator
e Suitable for small and large systems e
LOX o Lessequipmentrequired e  Variable LOX costs T
e Simple to operate and maintain e  Storage of oxygen onsite (Fire Codes, i.e.
e  Suitable for small and intermediate systems safety concemns)
e Can store excess oxygen to meet peak e Loss of LOX in storage when not in use
3 o demands . . e
Cwogen}c Oxygen e  Equipment similar to air preparation systems e  More complex than LOX |
Generation o Feasible for large systems e  Extensive gas handling equipment required
e Can store excess oxygen to meet peak e  Capital intensive
demands ... .. ...~ GComplexsystemsto operate and maintain

3.2.2.2 Ozone Generators

The voltage required to produce ozone by corona discharge is proportional to the pressure of the
source gas in the generator and the width of the discharge gap. Theoretically, the highest yield
(ozone produced per unit area of dielectric) would result from a high voltage, a high frequency, a
large dielectric constant, and a thin dielectric. However, there are practical limitations to these
parameters. As the voltage increases, the electrodes and dielectric materials are more subject to
failure. Operating at higher frequencies produces higher concentrations of ozone and more heat
requiring increased cooling to prevent ozone decomposition. Thin dielectrics are more susceptible to
puncturing during maintenance. The design of any commercial generator requires a balance of ozone
yield with operational reliability and reduced maintenance. '

Two different geometric configurations for the electrodes are used in commercial ozone generators:
concentric cylinders and parallel plates. The parallel plate configuration is commonly used in small
generators and can be air cooled. Figure 3-6 shows the basic arrangement for the cylindrical
configuration. The glass dielectric/high voltage electrode in commercial generators resembles a
fluorescent light bulb and is commonly referred to as a “generator tube.”

Most of the electrical energy input to an ozone generator (about 85 percent) is lost as heat (Rice,
1996). Because of the adverse impact of temperature on the production of ozone, adequate cooling
should be provided to maintain generator efficiency. Excess heat is removed usually by water
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flowing around the stainless steel ground electrodes. The tubes are arranged in either a horizontal or
vertical configuration in a stainless steel shell, with cooling water circulating through the shell.

STAINLESS STEEL GROUND ELECTRODE

0000000000000V CO0VO0VOO00OO0LO0000000

0 00000000000 00000000000000000000000C0

2

(AIR) -~ —_—t— 03

HIGH GLASS

POTENTIAL £ . DIELECTRIC

ELECTRODE —w\ MATERIAL

—twe O

GAS - 3
0000000000000 0000000000000000000000
0000000000000 000000D0ROQRO000DO00000

Figure 3-6. Cylindrical Electrode Schematic

Ozone generators are classified by the frequency of the power applied to the electrodes. Low
frequency (50 or 60 Hz) and medium frequency (60 to 1,000 Hz) generators are the most common
found in the water industry, however some high frequency generators are available. Table 3-3
presents a comparison of the three types of generators. Medium frequency generators are efficient
and can produce ozone economically at high concentrations, but they generate more heat than low
frequency generators and require a more complicated power supply to step up the frequency supplied
by utility power. New installations tend to use medium or high frequency generators.

3.2.2.3 Ozone Conlactors

Once ozone gas is transferred into water, the dissolved ozone reacts with the organic and inorganic
constituents, including any pathogens. Ozone not transferred into the process water during contacting
is released from the contactor as off-gas. Transfer efficiencies of greater than 80 percent typically are
required for efficient ozone disinfection (DeMers and Renner, 1992).

Common ozone dissolution methods include:
e Bubble diffuser contactors;
e Injectors; and

e Turbine mixers.
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Table 3-3. Comparison of Primary Characteristics of Low, Medium, and High
Frequency Ozone Generators

Characteristic Low Frequency Medium Frequency High Frequency
{50 - 60 Hz) (up to 1,000 Hz) (> 1,000 Hz)
Degree of Elecronics Sophistication ~~~__  _ low high SO
Peak Voltages e e 19.5 115 e A0
Tumdown Ratio B T T
Cooling Water Required {gal/lb of 0.5t0 1.0 051015 025t01
_ozoneproduced) :
Typ*ca' APP"C‘“"” Range .. <bW0lbiday 02000lb/day ~ ~~ 102000b/day
Operating Concentrations
wt- %in air 0.5t0 1.5% 1.0to 2.5%* 1.0 to 2.5%
wt- % in oxygen ... 20tb0% . ewie . 2012%
Optlmum Ozone Production (as a 600 75% 90t095% 9010 95%

proportion of total generator capacity)

Optimum Coolmg Water leferentual 8° to 10°F 5°1to 8°F B

Power Required (kW-h/ib 03) air feed: 8 to 12 air feed: 810 12 air feed: 810 12
- - Ofeed:4tob O:feed:4to6  Ofeed:dtof
Alr Feed System Power Requirements 5107 5t07 5t07

(kW-h/b O3)

Source: Adapted from Rice, 1996, with modifications.

Bubble Diffuser Contactors

The bubble diffuser contactor is commonly used for ozone contacting in the United States and
throughout the world (Langlais et al., 1991). This method offers the advantages of no additional
energy requirements, high ozone transfer rates, process flexibility, operational simplicity, and no
moving parts. Figure 3-7 illustrates a typical three stage ozone bubble diffuser contactor. This
illustration shows a countercurrent flow configuration (ozone and water flowing in opposite
directions), an alternating cocurrent/countercurrent arrangement, and a cocurrent flow configuration
(ozone and water flowing in the same direction). Also, the number of stages can vary from two to six
for ozone disinfection, with the majority of plants using two or three chambers for contacting and
reaction (Langlais et al., 1991).

Bubble diffuser contactors are typically constructed with 18 to 22 ft water depths to achieve 85 to 95
percent ozone transfer efficiency. Since all the ozone is not transferred into the water, the contactor
chambers are covered to contain the off-gas. Off-gas is routed to an ozone destruct unit, usually
catalysts, thermal, or thermal/catalysts.
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Figure 3-7. Ozone Bubble Contactor

Bubble diffuser contactors use ceramic or stainless steel diffusers that are either rod-type or disc-type
to generate bubbles. Design considerations for these diffusers (Renner et al., 1988) include:

e Gas flow range of 0.5 to 4.0 scfm;
e Maximum headloss of 0.5 psig;
e Permeability of 2 to 15 cfm/ft*/in of diffuser thickness; and porosity of 35 to 45 percent.

The configuration of the bubble diffuser contactor structure should best be designed to provide plug
flow hydraulics. This configuration will minimize the overall volume of the contactor while still
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meeting the CT requirements for the system. Contactor volume is determined in conjunction with the
applied ozone dosage and estimated residual ozone concentration to satisfy the disinfection CT
requirement.

Table 3-4 summarizes the advantages and disadvantages of the bubble diffuser contactor (Langlais et
al,, 1991). Also, diffuser pore clogging can be a problem when ozone dosages are intermittent and/ or
when iron and manganese oxidation is required. Channeling of bubbles is dependent on the type of
diffusers used and the spacing between diffusers.

Table 3-4. Bubble Diffuser Contactor Advantages and Disadvantages

Advantages Disadvantages
No moving parts Deep contact basins
Effective ozone transfer Vertical channeling of bubbles
Low hydraulic headloss Maintenance of gaskets and piping.

Operational simplicity

Injector Dissolution

The injector contacting method is commonly used in Europe, Canada, and the United States
(Langlais et al., 1991). Ozone is injected into a water stream under negative pressure, which is
generated in a venturi section, pulling the ozone into the water stream. In many cases, a sidestream of
the total flow is pumped to a higher pressure to increase the available vacuum for ozone injection.
After the ozone is injected into this sidestream, the sidestreamn containing all the added ozone is
combined with the remainder of the plant flow under high turbulence to enhance dispersion of ozone
into the water. Figure 3-8 illustrates typical in-line and sidestream ozone injection systems.

A. In-line Injector System

Ozone Gas

Off Gas

Contactor

Influent 9
TN

Injector

B. Sidestream Injector System

Ozone Gas
Injector

Off Gas

Influent Static Contactor
———§L> Mixer

Figure 3-8. Sidestream Ozone Injection System

EPA Guidance Manual 3-12 April 1999
Alternative Disinfectants and Oxidants




3. OZoNE

The gas to liquid ratio is a key parameter used in the design of injector contacting systems. This ratio
should be less than 0.067 cfm/gpm to optimize ozone transfer efficiency (Langlais et al., 1991).
Meeting this criterion typically requires relatively low ozone dosages and ozone gas concentrations
greater than 6 percent by weight (DeMers and Renner, 1992). High concentration ozone gas can be
generated using a medium-frequency generator and/or liquid oxygen as the feed gas.

To meet the CT disinfection requirements, additional contact time is fequired after the injector,
typically in a plug flow reactor. The additional contact volume is determined in conjunction with the
applied ozone dosage and estimated residual ozone concentration to satisfy the disinfection CT
requirement.

Table 3-5 summarizes the advantages and disadvantages of injection contacting (Langlais et al.,‘
1991). ' :

Table 3-5. Injection Contacting Advantages and Disadvantages

Advantages Disadvantages
Injection and static mixing have no moving parts Additional headloss (energy usage) due to static mixers
which may require pumping
Very effective ozone transfer Turndown capability limited by injection system

Contactor depth less than bubble diffusion More complex operation and high cost.

Turbine Mixer Contactors

Turbine mixers are used to feed ozone gas into a contactor and mix the ozone with the water in the
contactor. Figure 3-9 illustrates a typical turbine contactor. The illustrated turbine mixer design
shows the motor locatéd outside the basin, allowing for maintenance access. Other designs use a
submerged turbine. ’

Ozone transfer efficiency for turbine mixers can be in excess of 90 percent. However, the power
required to achieve this efficiency is 2.2 to 2.7 kW-hr of energy per 1b of ozone transferred
(Dimitriou, 1990). '

Turbine mixing basins vary in water depth from 6 to 15 ft, and dispersion areas vary from 5 to 15 ft
(Dimitriou, 1990). Again, as with injector contacting, sufficient contact time may not be available in
the turbine basin to meet disinfection CT requirements; consequently additional contact volume may
be required. ‘ '
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Figure 3-9. Turbine Mixer Ozone Contactor

Table 3-6 summarizes advantages and disadvantages for the turbine mixer contactor (Langlais et al.,
1991).

Table 3-6. Turbine Mixer Contactor Advantages and Disadvantages

Advantages Disadvantages
Ozone transfer is enhanced by high turbulence resulting in Require energy input
small bubble size )
Contactor depth less than bubble diffusion Constant gas flow rate should be maintained, reducing ozone
transfer efficiency
Aspirating turbines can draw off-gas from other chambers for ~ Maintenance requirements for turbine and motor
reuse
Eliminates diffuser clogging concemns

3.2.2.4 Off-gas Destruction Systems

The concentration of ozone in the off-gas from a contactor is usually well above the fatal
concentration. For example, at 90 percent transfer efficiency, a 3 percent ozone feed stream will still
contain 3,000 ppm of ozone in the off-gas. Off-gas is collected and the ozone converted back to
oxygen prior to release to the atmosphere. Ozone is readily destroyed at high temperature (> 350° C
or by a catalyst operating above 100° C) to prevent moisture buildup. The off-gas destruct unit is
designed to reduce the concentration to 0.1 ppm of ozone by volume, the current limit set by OSHA
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- for worker exposure in an eight hour shift. A blower is used on the discharge side of the destruct unit
to pull the air from the contactor, placing the contactor under a slight vacuum to ensure that no ozone
escapes.

3.2.2.5 Instrumentation

Instrumentation should be provided for ozone systems to protect both personnel and the equipment.
Gas phase ozone detectors should be provided in spaces such as generator rooms where ozone gas
may be and personnel are routinely present. An ozone detector is also needed on the outlet from the
off-gas destruct unit to ensure the unit is working properly. These units should be interlocked with
the ozone generator controls to shut down the ozone generation system should excess ozone be
detected. A dew point detector on the feed gas supply just upstream of an ozone generator is
required to protect the generator from moisture in the feed gas (when air is the feed gas). Flow
switches on the cooling water supply are needed to protect the generator from overheating and a
pressure switch to prevent over pressurization.

Other instrumentation can be used to monitor and control the ozone process, although manual control
is adequate for small systems, but most small systems are designed to operate automatically,
particularly in remote areas. Ozone monitors can be used in conjunction with process flow meters to
match ozone dose to process demands and control ozone generation. Sophisticated control schemes
can be implemented to minimize the cost of dosing with ozone and reduce operator attention
requirements. Many systems include residual monitoring at various points in the contactor to
maintain a desired ozone residual and prevent energy-wasting overdosing.

3.2.3 Operation and Maintenance

Even though ozone systems are complex, using highly technical instruments, the process is highly
automated and very reliable, requiring only a modest degree of operator skill and time to operate an
ozone system. Maintenance on generators requires skilled technicians. If trained maintenance staff
are not available at the plant, this work can be done by the equipment manufacturer. Some facilities,
such as the 600 mgd Los Angeles Aqueduct Filtration Plant, use plant mechanics to perform
generator and facilities maintenance. Therefore, backup units are usually installed. Generators
should be checked daily when in operation. After a shutdown, dry air or oxygen should be allowed
to flow through the generator to ensure that any moisture has been purged prior to energizing the
electrodes. At initial start up and after long down times, this process may take up to 12 hours and
usually longer when air is the feed gas. As an alternative, a small flow of dry air can be passed ‘
through the generator continuously when it is in standby mode to maintain the dry condition.-

Filters and desiccant in air preparation systems should be changed periodically, with the frequency
depending on the quality of the inlet air and the number of hours in operation. Compressors require
periodic service, depending on the type and operating time. LOX tanks should be periodically
pressure tested. Piping and contact chambers should be inspected periodically to check for leaks and
corrosion.
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Dielectric tubes should be periodically cleaned. This operation should be performed when the
generator efficiency drops 10-15 percent. Cleaning the tubes is a delicate operation as the tubes are
fragile and expensive. Adequate space should be provided for the cleaning operation and for storage
of spare tubes. '

3.3 Primary Uses and Points of Application of Ozone
3.3.1 Primary Uses of Ozone |

Ozone is used in drinking water treatment for a variety of purposes including:

¢ Disinfection;

¢ Inorganic pollutant oxidation, including iron, manganese, and sulfide;

¢ Organic micropollutant oxidation, including taste and odor compounds, phenolic pollutants, and
some pesticides; and

e Organic macropollutant oxidation, including color removal, increasing the biodegradability of
organic compounds, DBP precursor control, and reduction of chlorine demand.

3.3.1.1 Disinfection

Ozone is a powerful oxidant able to achieve disinfection with less contact time and concentration ‘
than all weaker disinfectants, such as chlorine, chlorine dioxide, and monochlorami'neA(Demers and

Renner, 1992). However, ozone can only be used as a primary disinfectant since it cannot maintain a

residual in the distribution system. Thus, ozone disinfection should be coupled with a secondary

disinfectant, such as chlorine, chloramine, or chlorine dioxide for a complete disinfection sYstem.

3.3.1.2 Iron and Manganese Oxidation

Ozone will oxidize iron and manganese, converting ferrous (2+) iron into the ferric (3+) state and 2+
manganese to the 4+ state. The oxidized forms will precipitate as ferric hydroxide and manganese
hydroxide (AWWA, 1990). The precise chemical composition of the precipitate will depend on the
nature of the water, temperature, and pH. The ozone dose required for oxidation is 0.43 mg/mg iron
and 0.88 mg/mg manganese (Langlais et al., 1991). Iron oxidizes at a pH of 6-9 but manganese is
more effective at a pH of around 8. Also, over-ozonation has no effect on iron, but will resolubilize
manganese, which then should be reduced to manganese dioxide downstream.

3.3.1.3 Oxidation of Taste and Odor Compounds

Ozone is used to oxidize/destroy taste and odor-causing compounds because many of these
compounds are very resistant to oxidation. Suffet et al. (1986) confirmed that ozone is an effective
oxidant for use in taste and odor treatment. They found ozone doses of 2.5 to 2.7 mg/L and 10
minutes of contact time (ozone residual of 0.2 mg/L) significantly reduced taste and odors in the
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specific waters they tested. Most early U.S. water plants (i.e., 1940-1986) installed ozonation
specifically for taste and odor removal.

3.3.1.4 DBP Precursor Control

Early work on oxidation of DBP precursors seemed to indicate that the effects of ozonation, prior to
chlorination, were quite site-specific and unpredictable (Umphries et al., 1979). The key variables
that seem to determine ozone’s effect are dose, pH, alkalinity, and, above all, the nature of the :
organic material. At low pH levels, precursor destruction by ozone is quite effective; however, above
some critical pH, ozone actually is less effective and in fact sometimes increases the amount of
chlorination byproduct precursors. For most humic substances this critical pH is 7.5, which is the
approximate level at which decomposition of ozone to hydroxy] free radicals increases rapidly, thus
increasing organic oxidation rates. Therefore, the implications that at lower pH (approximately 6-7),
at which molecular ozone predominates over the hydroxyl free radical, the initial THM precursor by-
products are different in nature than those formed by the hydroxyl free radicals oxidized at higher pH
levels. This is logical in light of the greater oxidation potential of the hydroxyl free radical over that
of ozone.

As alkalinity increases, it has a beneficial effect on THM formation potential (THMFP) (Langlais et
al., 1991). This is because alkalinity scavenges any hydroxyl free radicals formed during ozonation,
leaving molecular ozone as the sole oxidant, which is only capable of oxidizing organic precursors to
a lower oxidation sequence than does the hydroxyl free radical. Given neutral pH and moderate
levels of bicarbonate alkalinity, THMFP level reductions of 3 to 20 percent have been shown at
ozone doses ranging from 0.2 to 1.6 mg ozone per mg carbon (Singer et al., 1989; Georgeson and
Karimi, 1988). ‘

3.3.1.5 Increase Organic Biodegradation

Ozone can be effective in partially oxidizing organics in the water to biodegradable compounds that
can be removed by biological filtration (Demers and Renner, 1992). This partial oxidation gives rise
to lower molecular weight organics that are more easily biodegradable. This increase in the
biodegradable fraction of organic carbon occurs as a result of moderate to high levels of ozonation.
These ozone levels are typical of the doses commonly applied for disinfection.

3.3.1.6 Coagulation and Filtration Inprovement

Ozone has been reported by some to improve coagulation and filtration efficiency (Gurol and
Pidatella, 1993; Farvardin and Collins, 1990; Reckhow et al., 1993; Stolarik and Christie, 1997).
However, others have found no improvement in filter effluent turbidity due to ozonation (Tobiason et
al., 1992; Hiltebrand et al., 1986). Prendiville (1986) collected data from a large water treatment
plant showing that pre-ozonation was more effective than pre-chlorination to reduce filter effluent
turbidities. The cause of the improved coagulation is not clear, but several possibilities have been
offered (Reckhow et al., 1986), including:
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e Oxidation of organic compounds into more polar forms; and
e Oxidation of metals ions to yield insoluble complexes, such as ferric iron complexes.

3.3.2 Points of Application

The typical locations for feeding ozone in a water treatment plant are at the head of the treatment
plant (raw water) pre-ozonation and after sedimentation.

Raw water quality and turbidity and ozone demand (the amount of ozone required for all oxidation
requirements of the water) can be used to assess how to use ozone in the treatment process. Table 3-7
lists the criteria for selecting ozone feed points based on these two parameters. By moving the
ozonation process further downstream after sedimentation, the ozone demand and production of
byproducts are reduced. The advantage of placing ozone ahead of filtration is that biodegradable
orgaﬁics produced during ozonation can be removed by subsequent biological activity in the filters.

Table 3-7. Criteria for Selecting Ozone Feed Points for Small Systems

_ ... RawWater Quality ... .OzoneFeedPoint(s) _  Special Considerations
Category | Low ozone demand.
Turbidity < 10 NTU Raw Water or After Sedimentation Low disinfection byproducts.
Ozone Demand < 1mg/L Low biodegradable organics.
Category I e e L
Turbidity > 10 NTU After Sedimentation High inorganic particulate.
Ozone Demand < 1mg/L. Low biodegradable organics.
Category I . e drne demang T
Turbidity < 10 NTU Raw Water and/or After Sedimentation Disinfection byproducts
Ozone Demand > 1mg/L Biodegradable organics formation
Category IV R Y et
Turbidity > 10 NTU After Sedimentation and After First Disinfection byproducts
Ozone Demand > 1mg/L Stage Filtration, if necessary Biodegradable organics formation

Source: DeMers and Renner, 1992,

For high quality water with direct filtration, the only practical ozone feed point is the raw water.

Category II (Table 3-7) water is characterized by low ozone demand and high turbidity. This water
quality indicates the presence of inorganic material, such as clay or silt particles. For ozone to be
most effective for Category II water disinfection, it should be added after either pre-sedimentation or
conventional sedimentation.

Raw water with low turbidity and high ozone demand (Category III, Table 3-7) contains dissolved
constituents, not suspended, that contribute to a high ozone demand. An example of this type of
water is a ground water corftaining bromide ion, iron, manganese, color, or organics. For this water
quality, ozone can be added to either the raw water or after sedimentation. If the water contains
organic constituents that become more biodegradable by ozonation, a biological treatment step (see
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Section 3.3.4) may be required. The presence of oxidizable organic constituents or bromide ion will
generate disinfection byproducts upon ozonation.

Category IV (Table 3-7) water would be considered the most difficult water to treat with ozone due
to its high turbidity and high ozone demand. An example of this water quality is surface water
containing high concentrations of organic material and inorganic particles. The most effective use of
ozone for this water quality is after sedimentation and possibly after filtration. If the water has an
extremely high ozone demand, dual ozone feed points may be required to achieve disinfection goals,
because the presence of large amounts of organic material may require a biological treatment step
and may generate disinfection byproducts.

3.3.3 Impact on Other Treatment Processes

Ozonation does have an impact on other processes at the water treatment facility. The impacts of
ozone addition include the following:

e The use of ozone generates biodegradable organic matter (BOM) that can result in biological
growth which may also increase corrosion rates in distribution systems if not removed by
biologically active filtration. When ozonation is placed before biological filters, it can impact the
filters by increasing biological growth and increasing backwash frequency.

e Ozone is a strong oxidant that reacts with other oxidants, such as chlorine, chlorine dioxide, and
monochloramine.

e Ozone oxidation of iron and manganese generates insoluble oxides that should be removed by
sedimentation or filtration. These insoluble oxides also impact the filters by increasing load on
the filters and increasing backwash frequency.

e Using pre- and/or internal ozone on most raw waters reduces the subsequent chlorine, chlorine
dioxide, or monochloramine demand of the finished water so as to allow a stable chlorine-
compound residual to be maintained at a much lower level.

The reader is referred to EPA’s Simultaneous Compliance Guidance Document (expected to be

available in 1999) for additional information regarding the interaction between oxidants and other
treatment processes.

3.3.4 Biologically Active Filtration

Ozonation typically increases the biodegradability of NOM in water because many large organic
molecules are converted into smaller organic molecules that are readily biodegradable. This increase
‘in biodegradable dissolved organic carbon (BDOC) can lead to accelerated bacterial growth and
regrowth in the distribution system if not removed in the treatment plant. LeChevallier et al. (1992)
found that AOC levels less than 100 ppb may be necessary to control excessive bacterial regrowth in
- the distribution system if not removed in the treatment plant.

'When ozonation is placed upstream of filtration, and environmental conditions such as dissolved
~ oxygen, pH, and temperature are favorable, microbiological activity is increased in the filter and
- BDOC/AOC removal is enhanced. Ozone addition not only increases the biodegradability of the
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dissolved organics, but also introduces large amounts of oxygen to the water, thus, creating an
excellent environment for biological growth on the filter media. The advantages of biologically
active filtration (Price, 1994) include the following which are all being met in most U.S. plants using
ozone:

e Production of a biologically stable water that-does not promote excessive bacterial growth and
regrowth in the distribution system.

* Removal of NOM that can serve as precursors to byproduct formation as a result of residual
disinfection with free or combined chlorine.

e Ozone oxidation as a primary disinfectant prior to biologically active filtration reduces the
BDOC concentration in finished water, thus reducing chances of regrowth.

e Reduction of the residual disinfectant demand of the product water so that proposed regulations
limiting the maximum disinfectant residual can be met.

e Removal or control of ozonation byproducts.

Biological activity can be supported on slow sand, rapid rate, and GAC media because these media
provide a surface for bacteria to attach. Factors such as available surface area, hydraulic loading rate,
contact time, availability of nutrients, temperature, and others will determine the performance and
BDOC removal efficiency. Biomass develops to higher levels on GAC because of the roﬁgher
surface characteristics than on anthracite and sand.

3.3.4.1 Slow Sand Filters

Ozone addition prior to slow sand filtration can increase the efficiency of TOC removal by about 35
percent (Rachwal et al., 1988; Zabel, 1985). Ozone addition can also increase the efficiency of
BDOC removal with slow sand filters (Eighmy et al., 1991; Malley et al., 1993).

3.3.4.2 Rapid Rate Filters

Research in the area of biologically active rapid rate filters has focused on the reduction of
assimilable organic carbon (AOC) instead of BDOC. While studies have shown rapid rate filtration,
employing either sand or dual media lowers AOC levels following ozonation, AOC does not measure
all the BDOC. AOC measures only that portion of the BDOC that is more easily assimilable or more
easily biodegradable under specific laboratory conditions by two specific microorganisms. Research
data shows that biodegradation of AOC can occur in rapid rate filters. The data should be viewed
with caution, since the more slowly biodegradable DOC, not measured by AOC, may be passing
through rapid rate filters.
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3.3.4.3 Granular Actfvaied Carbon

GAC is made biologically active by the deliberate introduction of sufficient dissolved oxygen to
water just before passing through GAC columns (Katz, 1980). The high surface area and long
retention time in GAC provide an ideal environment to enhance biological growth.

Although ozone actually increases the amount of BDOC, the efficiency of subsequent biodegradation
on GAC can be such that the BDOC in GAC effluent is lower than the BDOC in the ozone influent
(Langlais et al., 1991). The degree to which biodegradable DOC is removed by ozone/GAC depends
upon the process conditions of temperature, amount of BDOC, and the GAC column loading rate,
measured by empty bed contact time (EBCT). For example, with an influent BDOC of 0.65 mg C/L
and a 10 minute EBCT, one would expect an effluent BDOC of 0.25 mg C/L. The effluent BDOC
then could be lowered by either:

e Adding ozone, which would increase the GAC influent BDOC and, therefore,‘ lower the
effluent BDOC; or

e Adding more GAC or decreasing the loading rate, which would extend the EBCT and lower
_ the effluent BDOC (Billen et al., 1985, as cited in Langlais et al., 1991).

Huck et al. (1991) reported results from AOC profiles measured in a pilot treatment plant. The plant
treated Saskatchewan River water and included coagulation, flocculation, and sedimentation prior to
ozonation. Following ozonation, the water was filtered through a dual media (anthracite- sand) filter
followed by GAC adsorption. The results demonstrate:

e Variable AOC removal through coagulation, flocculation, and sédimentation (80 percent to
Zero);

o Increased AOC after ozonation;

e AOC removal through dual media filtration improving at lower hydraulic loading rates and
filtered effluent AOC often less than raw water AOC, but highly variable; and

e AOC levels after GAC were low, almost always below raw water AOC concentrations and
adsorpt1on appears to contribute to some immediate AOC removal.

3.3.5 Pathogen Inactlvatlon and Disinfection Efficacy

Ozone has a high germicidal effectiveness against a wide range of pathogenic organisms including
bacteria, protozoa, and viruses. Because of its high germicidal efficiency, ozone can be used to meet
high inactivation required by water treatment systems with or without filters. However, ozone
cannot be used as a secondary disinfectant because the ozone residual decays too rapidly. The ozone
disinfection efficiency is not affected by pH (Morris, 1975), although because of hydroxyl free
radicals and rapid decay, efficiency is the same but more ozone should be applied at high pH to
maintain “C”.
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3.3.6 Inactivation Mechanisms ‘

Inactivation of bacteria by ozone is attributed to an oxidation reaction (Bringmann, 1954; Chang,
1971). The first site to be attacked appears to be the bacterial membrane (Giese and Christensen,
1954) either through the glycoproteins or glycolipids (Scott and Lesher, 1963) or through certain
amino acids such as typtophan (Goldstein and McDonagh, 1975). In addition, ozone disrupts
enzymatic activity of bacteria by acting on the sulfhydryl groups of certain enzymes. Beyond the cell
membrane and cell wall, ozone may act on the nuclear material within the cell. Ozone has been
found to affect both purines and pyrimidines in nucleic acids (Giese and Christensen, 1954; Scott and
Lesher, 1963).

The first site of action for virus inactivation is the virion capsid, particularly its proteins (Cronholm et
al.,, 1976 and Riesser et al., 1976). Ozone appears to modify the viral capsid sites that the virion uses
to fix on the cell surfaces. High concentrations of ozone dissociate the capsid completely. One
researcher found that the mechanism of ozone inactivation of bacteriophage f2 ribonucleic acid
(RNA) included releasing RNA from the phage particles after the phage coat was broken into many
pieces (Kim et al., 1980). This finding suggests that ozone breaks the protein capsid, thereby
liberating RNA and disrupting adsorption to the host pili. Further, the naked RNA may be
secondarily inactivated by ozone at a rate less than that for RNA within the intact phage. The
mechanism for inactivation of deoxyribonucleic acid (DNA) bacteriophage T4 has been found to be
quite similar to RNA inactivation: ozone attacks the protein capsid, liberates the nucleic acid, and
inactivates the DNA (Sproul et al., 1982). In contrast, more recent work on the tobacco mosaic virus
(TMV) shows that ozone has a specific effect on RNA. Ozone was found to attack both the protein
coat and RNA. The damaged RNA cross-links with amino acids of the coat protein subunits. The
authors concluded that TMV loses its infectivity because of its loss of protein coating.

Microscopic observation of inactivation of trophozoites of Naegleria and Acanthamoeba showed that
they were rapidly destroyed and the cell membrane was ruptured (Perrine et al., 1984). Perrine and
Langlais showed that ozone affect the plugs in Naegleria gruberi cysts (Langlais and Perrine, 1984).
Depending on the ozonation conditions, these plugs were completely removed or were partially
destroyed. It has been speculated that ozone initially affects the Giardia muris cysts wall and makes
it more permeable (Wickramanayake, 1984c). Subsequently, aqueous ozone penetrates into the cyst
and damages the plasma membranes, additional penetration of ozone eventually affects the nucleus,
ribosomes, and other ultrastructural components.

3.3.7 Disinfection Parameters

Hoigné and Bader demonstrated that the rate of decomposition of ozone is a complex function of
temperature, pH, and concentration of organic solutes and inorganic constituents (Hoigné and Bader,
1975, and 1976). The following sections describe the effects that pH, temperature, and suspended
matter have on the reaction rate of ozone and pathogen inactivation.
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The ability to maintain a high aqueous ozone concentration is critical from a regulatory disinfection
compliance standpoint. This means that factors that accelerate ozone decomposition are undesirable
for inactivation because the ozone residual dissipates faster and therefore reduces the CT credit,
requiring a corresponding increase in the ozone applied, thus increasing cost.

3.3.71 pH

Studies have indicated that pH has little effect on the ability of dissolved ozone residuals to inactivate
acid-fast bacteria, such as Mycobacteria and Actinomycetes (Farooq, 1976). A slight decrease has
been found in the virucidal efficacy of ozone residuals as pH decreased (Roy, 1979). However, the
opposite effect was observed by Vaughn et al. (1987) (cited in Hoff, 1986). Changes in disinfection
efficacy with variations in pH appear to be caused by the ozone decomposition rate. Ozone
decomposition occurs faster in higher-pH aqueous solutions and forms various types of oxidants with
differing reactivities (Langlais et al., 1991). Tests carried out at constant ozone residual
concentration and different pH values showed that the degree of microorganism inactivation
remained virtually unchanged (Farooq et al., 1977). More recent studies have indicated decreased
virus inactivation by ozone at alkaline pH (pH 8 to 9) for poliovirus 1 (Harakeh and Butler, 1984)
and rotaviruses SA-11 and Wa (Vaughn et al., 1987).

Inactivation of Giardia muris cysts was found to improve when the pH increased from 7 to 9
(Wickramanayake, 1984a). This phenomenon was attributed to the possible changes in cyst
chemistry making it easier for ozone to react with the cyst constituents at the higher pH levels.
However, the same study found that inactivation of Naegleria gruberi cysts was slower at a pH 9
than at lower pH levels, thereby indicating that pH effects are organism-specific.

3.3.7.2 Temperature

As temperature increases, ozone becomes less soluble and less stable in water (Katzenelson et al.,
1974); however, the disinfection and chemical oxidation rates remain relatively stable. Studies have
shown that although increasing the temperature from O to 30°C can significantly reduce the solubility
of ozone and increases its decomposition rate, temperature has virtually no effect on the disinfection
rate of bacteria (Kinman, 1975). In other words, the disinfection rate was found to be relatively
independent of temperature at typical water treatment plant operating temperatures despite the
reduction in solubility and stability at higher temperatures.

3.3.7.3 Suspended Matter

Ozone inactivation of viruses and bacteria contained in aluminum floc (in the size range comparable
to those that could typically escape filtration) was not reduced at floc turbidity levels of 1 and 5 NTU
(Walsh et al., 1980). This study demonstrated that the microorganisms received no protection from
the aluminum floc. Similar results have been obtained for poliovirus 1, coxsackie virus A9, and E.
coli associated with bentonite clay (Boyce et al., 1981). However, adsorption of the f2 bacteriophage
at 1 and 5 NTU of bentonite clay was found to retard the rate of inactivation of ozone (Boyce et al.,
1981).
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In some instances, river waters heavily polluted with organic matter were ozonated, and the results

indicated a degradation of large organic molecules into fragments more easily metabolized by ‘
microorganisms. This fragmentation coupled with the inability of ozone to maintain an active

concentration in the distribution system, has led to increased slime growth and, consequently, water

quality deterioration during distribution (Troyan and Hanson, 1989).

3.3.8 Inactivation of Microorganisms

The following sections contain a description of the disinfection efficiency of ozone in terms of
bacteria, virus, and protozoa inactivation.

3.3.8.1 Bacterial Inactivation

Ozone is very effective against bacteria. Studies have shown the effect of small concentrations of

dissolved ozone (i.e., 0.6 pg/L) on E. coli. (Wuhrmann and Meyrath, 1955) and Legionella

pneumophila (Domingue, et al., 1988). E. coli. levels were reduced by 4 logs (99.99 percent

removal) in less than 1 minute with a ozone residual of 9 ug/L at a temperature of 12°C. Legionella

pneumophila levels were reduced by greater than 2 logs (99 percent removal) within a minimum

contact time of 5 minutes at a ozone concentration of 0.21 mg/L. Results similar to those obtained

for E. coli. have been found for Staphyloccus sp. and Pseudomonas fluorescens inactivation.

Streptococcus faecalis required a contact time twice as long with the same dissolved ozone

concentration, and Mycobacterium tuberculosis required a contact time six times as long for the same

reduction level as E. coli. | .

In regard to vegetative bacteria, E. coli is one of the most sensitive types of bacteria. Furthermore,
significant difference has been found among all the Gram-negative bacillae, including E. coli and
other pathogens such as Salmonella, which are all sensitive to ozone inactivation. whereas the Gram-
positive cocci (Staphyloccus and Streptococcus), the Gram-positive bacillae (Bacillus), and the
Mycobacteria are the most resistant forms of bacteria. Sporular bacteria forms are always far more
resistant to ozone disinfection than vegetative forms (Bablon, et al., 1991), but all are easily
destroyed by relatively low levels of ozone.

3.3.8.2 Protozoa Inactivation

Protozoan cysts are much more resistant to ozone and other disinfectants than vegetative forms of
bacteria and viruses. Giardia lamblia has a sensitivity to ozone that is similar to the sporular forms
of Mycobacteria. Both Naegleria and Acanthamoeba cysts are much more resistant to ozone (and all
other disinfectants) than Giardia cysts. (Bablon et al., 1991). CT products for 99 percent inactivation
of Giardia lamblia and N. gruberi at 5°C were 0.53 and 4.23 mg « min/L, respectively
(Wickramanayake et al., 1984a and 1984b). Data available for inactivation of Cryptosporidium
oocysts, suggest that among protozoans, this microorganism is more resistant to ozone (Peeters et al.,
1989; Langlais et al., 1990). One study found that Cryptosporidium oocysts are approximately 10
times more resistant to ozone than Giardia (Owens et al., 1994).
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3.3.8.3 Virus Inactivation

Typically, viruses are more resistant to ozone than vegetative bacteria but less resistant than sporular
forms of Mycobacteria (Bablon, et al., 1991). The most sensitive forms of viruses are phages, and
there seems to be little difference between the polio- and coxsackie viruses. The sensitivity of human
rotavirus to ozone was determined to be comparable to that of Mycobacteria and polio- and
coxsackie viruses (Vaughn et al.,, 1987).

Keller et al. (1974) studied ozone inactivation of viruses by using both batch tests and pilot plant
data. Inactivation of poliovirus 2 and coxsackie virus B3 was more than 3 logs (99.9 percent) in the -
batch tests with an ozone residual of 0.8 mg/L and 1.7 mg/L and a contact time of 5 minutes. Greater
than 5 log (99.999 percent) removal of coxsackie virus was achieved in the pilot plant with an ozone
dosage of 1.45 mg/L, which provided an ozone residual of 0.28 mg/L in lake water.

3.3.8.4 CT Curves for Giardia Lamblia

CT values shown in Fi gure 3-9 are based on disinfection studies using in vitro excystation of Giardia
lamblia. CT values obtained at 5°C and pH 7 were used as the basis for deriving the CT values at
other temperatures. A safety factor of 2 has been applied to the values shown in Figure 3-9.
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Figure 3-9. CT Values for Inactivation of Giardia Cysts by Ozone (pH 6 to 9)
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CT values shown in Figure 3-10 for achieving 2-log inactivation of viruses were determined by
applying a safety factor of 3 to data obtained from a previous study on poliovirus 1 (Roy et al.,
1982). CT values for 3 and 4-log removal were derived by applying first order kinetics and assuming

the same safety factor of 3. Data obtained at a pH of 7.2 was assumed to apply for the pH range of 6
to 9.

Several research groups have investigated the efficiency of ozone for Cryptosporidium oocyst
inactivation. Table 3-8 summarizes CT values obtained for 99 percent inactivation of
Cryptosporidium oocysts. Results indicate that ozone is one of the most effective disinfectants for
controlling Cryptosporidium (Finch, et al., 1994) and that Cryptosporidium muris may be slightly
more resistant to ozonation than Cryptosporidium parvum (Owens et al., 1994). A wide range of CT
values has been reported for the same inactivation level, primarily because of the different methods
of Cryptosporidium measurements employed and pH, temperature, and above all, ozonation

conditions.
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Figure 3-10. CT Values for Inactivation of Viruses by Ozone (pH 6 to 9)
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Table 3-8. Summary of Reported Ozonation Requirements for 99 Percent
’ Inactivation of Cryptosporidium Oocycts
Ozone
Ozone residual Contacttime  Temperature CcT
Species protocol (mg/L) (min) {C) (mg.min/L) Reference
C. baileyi Batch fiquid, 06&0.8 4 - 25 24-32 Langlais et al.,
modified batch 1990
ozone
s Fiow o BTE T T A
contactor, 1994
continuous gas
T i R o T R
batch ozone 0.50 7.8 22 3.9 1993
"C.parvum  Batch liquid, o7 6 Room Y Peeters et al.,
batch ozone 0.51 8 4 1989
T R 5316 T T R e
continuous gas 1990
“C.pawum  Flowthrough 22-25 55 Owens et al.,
contactor, 1994
continuous gas
Ozone dose and contact time (CT) requirements for the inactivation of Cryptosporidium oocysts in
‘ drinking water when using ozone has not been established similar to the CT values for viruses and

Giardia cyst inactivation. Inactivation requirements (log removals) for Cryptosporidium oocysts
have not been established. In addition, as shown in Table 3-8, the CT requirements reported in the
literature vary from study to study which adds uncertainty to design CT requirements for specific
applications or regulatory needs.

3.4 Ozonation Disinfection Byproducts

Ozone does not form halogenated DBPs (TTHMs and HA ASs) when participating in
oxidation/reduction reactions with NOM but it does form a variety of organic and inorganic
byproducts. Table 3-9 and Figure 3-11 show the principal known byproducts associated with
ozonation. However, if bromide ion is present in the raw water halogenated DBPs may be formed.
These brominated DBPs appear to pose a greater health risk than non-brominated DBPs.
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Table 3-9. Principal Known Byproducts of Ozonation

Disinfectant Byproducts

Aldehydes Aldo- and Ketoacids
Formaldehyde Pyruvic acid
Acetaldehyde Brominated Byproducts*
Glyoxal Bromate ion
Methyl Glyoxal Bromoform

Acids Brominated acetic acids
Oxalic acid Bromopicrin
Succinic acid Brominated acetonitriles
Formic acid Others
Acetic acid Hydrogen peroxide

*Brominated byproducts are produced only in waters containing bromide ion
Source: Singer, 1992.

Although ozone is an effective oxidant and disinfectant, it should not be relied upon as a secondary
disinfectant to maintain a residual in the distribution system. Monochloramine is attractive for this
purpose because it produces little to no halogenated DBPs. Chlorine is a candidate for secondary
disinfectant but the ozonated water may actually produce either more or less DBPs following the
addition of free chlorine depending on the nature of the organic material following ozonation unless
biologically active filtration precedes the addition of chlorine. The principal benefit of using ozone
for controlling DBP formation is that it allows free chlorine to be applied later in the treatment
process after precursors have been removed and at lower doses, thereby reducing DBPFP.

Organic Precursors _ Aldehydes and
"~ Oxidized Organics

NH,

> NH,Br, NHBr,

- ] Organic .
Br | HOBr <—> H*+ OBr Precursors . Brominated

pK, =8.7 @ 25°C Organic DBPs

O, + OBr

> BrO;’

Figure 3-11. Principal Reactions Producing Ozone Byproducts

Application of a secondary disinfectant following ozonation requires special consideration for
potential interaction between disinfectants. For example, chloral hydrate formation has been
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observed when using chlorine as a secondary disinfectant with ozone (McKnight and Reckhow,

‘ 1992; Logsdon et al., 1992). The ozonation byproduct of acetaldehyde is a known precursor for
chloral hydrate, a byproduct of chlorination. Enhancement of chloral hydrate has not been observed
when monochloramine is applied as the secondary disinfectant, or if biologically active filtration is
used following ozonation and prior to chlorination (Singer, 1992). Chloropicrin formation from free
chlorine appears to be enhanced by pre-ozonation (Hoigné and Bader, 1988) in the absence of
biologically active filtration prior to addition of chlorine. v

Byproducts such as aldehydes, ketones, acids, and others will be formed upon ozonation of water.
The primary aldehydes that have been measured are: formaldehyde, acetaldehyde, glyoxal, and
methyl glyoxal (Glaze et al., 1991). Total aldehyde concentration in drinking water disinfected with
ozone range from less than 5 pg/L to 300 pg/L, depending on the TOC concentration and the applied
ozone to organic carbon ratio (Van Hoof et al., 1985; Yamada and Somiya, 1989; Glaze et al., 1989a;
Krasner et al., 1989; Glaze et al., 1991; LeLacheur et al., 1991). Aldehydes with higher molecular
weights have also been reported (Glaze et al., 1989b). Other organic byproducts of ozonation are
indicated in Table 3-9 |

Ozonation of a source water containing bromide ion can produce brominated byproducts, the
brominated analogues of the chlorinated DBPs. Song et al. (1997) found that bromate ion formation
is an important consideration for waters containing more than 0.10 mg/L bromide ion. These
brominated byproducts include bromate ion, bromoform, the brominated acetic acids and
acetonitriles, bromopicrin, and cyanogen bromide (if ammonia is present). An ozone dose of 2 mg/L

‘ produced 53 pg/L of bromoform and 17 pg/L of dibromoacetic acid in a water containing 2 mg/L of
bromide ion (McGuire et al., 1990). Ozonation of the same water spiked with 2 mg/L bromide ion
‘showed cyanogen bromide formation of 10 pg/L. (McGuire et al., 1990). Furthermore, ozone may
react with the hypobromite ion to form bromate ion (Amy and Siddiqui, 1991; Krasner et al., 1993), a
probable human carcinogen (Regli et al., 1992). Bromate ion concentrations in ozonated water up to
60 ng/L have been reported (Amy and Siddiqui, 1991; Krasner et al.,, 1993). Note that the amount of
bromide ion incorporated into the measured DBPs accounts for only one-third of the total raw water
bromide ion concentration. This indicates that other brominated DBPs exist that are not yet
identified (Krasner et al., 1989; MWDSC and JMM, 1992). Figure 3-12 shows the major pathways
for bromate ion formation.
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O, O;
HOBr/BrO- = Br- > BrO-
HO* HO* O,
Y Y
BrO* Br BrO;
Disproportionation O, O,
Y Y
BrO; BrO* BrO ;
O, Disproportionation
Y Y
BrOj BrO,
O;
BrO; ’
Direct-Indirect Indirect- Direct Direct

Source: Song et al., 1997,
Figure 3-12. Main Pathways of Bromate lon Formation when Ozone Reacts
with Bromide lon

3.4.1 Ozone Byproduct Control

The primary factors affecting the speciation and concentrations of brominated byproducts are pH and
the ozone-to-bromide ion and TOC-to-bromide ion ratios (Singer, 1992). Bromate ion formation can
be controlled by ozonation at acidic pH values of which hypobromous acid dominates over the now
absent hypobromite ion (Haag and Hoigné, 1984; Amy and Siddiqui, 1991; Krasner et al., 1993).
Conversely, under alkaline pH conditions, ozone can oxidize the hypobromous acid further to
produce bromate ion. At low pH values, the brominated organic byproducts are favored, while at
greater pH values, bromate ion formation is favored. Therefore, the application of ozone may be
limited for source waters containing bromide ion. Bromate ion formation can be controlled by
lowering the ambient bromide ion concentration, lowering the ozone residual, and lowering the
ozonation pH. The addition of ammonia with ozonation to form bromamines reduces the formation
of both bromate ion and organic byproducts (Amy and Siddiqui, 1991; MWDSC and JMM, 1992).
However, ammonia can act as a nutrient for nitrifying bacteria.
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The organic acid and aldehyde byproducts of ozonation discussed above appear to be readily
biodegradable and are a component of the assimilable organic carbon (AOC) or biodegradable
organic carbon (BDOC). Ozonation increases the BOM by oxidation. Therefore, if water disinfected
with ozone is coupled with a biologically active process (i.e., biological active carbon), removal of
these biodegradable byproducts can be reduced. The use of biologically active filters, maintained by
discontinuing the application of a disinfectant to the filters, has been shown to successfully remove
aldehydes and other compounds representing a portion of the BDOC in a water (Bablon et al., 1988;
Rittman, 1990; Reckhow et al., 1992). See Section 3.3.4 for a detailed discussion on biological
active filters.

A recent study has shown that bromate ion and brominated organics can be controlled during
ozonation by the following techniques (Song et al., 1997):

e Low pH decreases bromate ion formation while increasing brominated organic formation;

¢ Ammonia addition with short ozone contact time decreases both bromate ion and brominated
organic formation;

e Hydrogen peroxide decreases brominated organic formation and may increase or decrease
bromate ion formation, depending on other water quality parameters; and

e Low ozone DOC ratio leads to low bromate ion and brominated organic formation.

3.5 Status of Analytical Methods

During operation of an ozonation system it is necessary to analyze for ozone in both the liquid and
gas phase to determine the applied ozone dose, ozone transfer efficiency and (for primary
disinfection) residual ozone level. The gas stream exiting the ozone generator is monitored for ozone
content to determine the applied ozone dose. The off-gas exiting the ozone contactor is monitored to
determine the amount of ozone transferred to the liquid phase in the contactor and to calculate the
ozone transfer efficiency. The disinfected water exiting the ozone contactor is monitored for residual
ozone to ensure that CT values are met.

In addition, the ambient air in any ozone generating or handling room and ozone destruct off-gas are
monitored for ozone concentration to protect workers in the event of leakages or destruct system
failure.

3.5.1 Monitoring of Gas Phase Ozone
Points in an ozone treatment system where gas-phase ozone is monitored include:

* Ozone generator output;
e Contactor off-gas;

e Ozone destruct off-gas; and

April 1999 3-31 EPA Guidance Manual
Alternative Disinfectants and Oxidants




3. OZONE

e Ambient air in ozone process areas.

The range of ozone concentrations to be measured in the gas phase variés from less than 0.1 ppm by ‘
volume (0.2 mg/m> NTP) in ambient air and ozone destruct off=gas, to 1 to 2 percent (10 g/m* NTP)

in contactor off-gas, to as high as 15 percent by weight (200 g/m> NTP) in the ozone generator '

output.

Analytical methods for monitoring gas-phase ozone include:

e UV absorption;
¢ Jodometric methods;
¢ Chemiluminescence; and

e Gas-Phase titration.

Table 3-10 presents the working range, expected accuracy and precision, operator skill level
required, interferences, and current status for gas phase ozone analysis.

3.5.1.1 UV Absorption

Gaseous ozone absorbs light in the short UV wavelength region with a maximum absorbance at
253.7 nm (Gordon et al., 1992). Instruments for measuring ozone by the absorption of UV radiation
are supplied by several manufacturers for gas concentrations below 0.5 ppm by volume (1 g/m’

NTP). In general, these instruments measure the amount of light absorptions when no ozone is ‘
present and the amount of light absorptions when ozone is present. The meter output is the difference

of the two readings, which is directly related to the actual amount of ozone present. The International

Ozone Association (IOA) has accepted this procedure (IOA, 1989). ‘
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3. OZONE

3.5.1.2 lodometric Methods

Iodometric procedures have been used for all of the ozone concentration ranges encountered in water
treatment plants (Gordon et al., 1992). This includes measurement of ozone directly from the
generator and of ozone as stripped from aqueous solution. For the iodometric method, the ozone-
containing gas is passed into an aqueous solution containing excess potassium iodide.

All other oxidizing materials act as interferences with iodometry (Gordon et al., 1992). Nitrogen
oxides (that may be present when ozone is generated in air) also act as interferences to iodometric
methods. The effects of nitrogen oxides may be eliminated by passing the ozone-containing gas
through absorbents such as potassium permanganate that are specific for nitrogen oxide gases.
However, no iodometric method is recommended for the determination of ozone in solution because
of the unreliability of the method (Gordon et al., 1989).

3.5.1.3 Chemiluminescence

Chemiluminescence methods can be used for the determination of low concentrations of ozone in the
gas phase (Gordon et al., 1992). One of the most commonly used methods is ethylene
chemiluminescence. Gas-phase ozone can be measured using the chemiluminescent reaction between
ethylene and ozone. This method is specific to ozone and is suitable for measurement of ozone in the
ambient air. The ethylene chemiluminescence procedure was adopted in 1985 by the EPA as its
reference method for determining ozone in the ambient atmosphere (McKee et al., 1975).
Chemiluminescent instruments are approved by the EPA for monitoring ambient ozone
concentrations of 0 to 0.5 or 0 to 1.0 ppm by volume. With regular calibration, this type of
instrument is capable of providing reliable analysis of any ozone in the ambient air from an
ozonation plant.

An alternative to ethylene chemiluminescence is rhodamine B/gallic acid chemiluminescence, which
avoids the handling of ethylene (Gordon et al., 1992). This alternative method is considerably more
complex than the more common ethylene chemiluminescence instruments. The sensitivity of this
method tends to drift and a procedure has been developed by which corrections are made for the
sensitivity on a frequent basis (Van Dijk and Falkenberg, 1977). Given the wide availability of
ethylene chemiluminescence monitors and their approval by EPA, ethylene monitors should be
considered before rhodamine B/gallic acid monitors.

3.5.1.4 Gas-Phase Titration

Two gas-phase titration methods have been studied as possible calibration methods for ambient
ozone analyzers and monitors (Gordon et al., 1992). These procedures are based on titration with
nitric oxide and back titration of excess nitric oxide (Rehme et al., 1980). These gas phase titration
procedures, evaluated by EPA, were compared with UV absorption and iodometry as calibration
methods for ethylene chemiluminescent ambient air ozone analyzers. As a result of these
comparisons, UV absorption has been specified as the method of calibration for ambient ozone
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analyzers. Therefore, gas-phase titration methods are not recommended for use at ozonation facilities

‘ (Gordon et al., 1992).

3.5.2 Monitoring of Liquid Phase Residual Ozone

There are numerous methods for monitoring ozone in aqueous solutions. Gordon et al. (1992)
recommended the following methods for analyzing residual ozone:

e Indigo colorimetric method;

o Acid chrome violet K (ACVK) method;
e Bis-(Terpyridine) iron(II) method; and
e Stripping into the gas-phase.

Table 3-11 shows the working range, expected accuracy and precision, operator skill level required,
interferences and current status for liquid phase residual ozone analytical methods.

3.5.2.1 Indigo Colorimetric Method

The indigo colorimetric method is the only method for monitoring residual ozone in Standard
Methods, 1995. The indigo colorimetric method is sensitive, precise, fast, and more selective for

. ozone than other methods. There are two indigo colorimetric methods: spectrophotometric and
visual. For the spectrophotometric procedure the lower limit of detection is 2 pg/L., while for the
visual procedure the detection limit is 10 ug/L.

Hydrogen peroxide, chlorine, manganese ions, ozone decomposition products, and the products of
organic ozonation exhibit less interference with the indigo colorimetric method than any of the other
methods (Langlais et al., 1991). However, the masking of chlorine in the presence of ozone can make
the indigo method problematic. In the presence of hypobromous acid, which forms during ozonation
of bromide-ion containing methods, an accurate measurement cannot be made with this method
(Standard Methods, 1995).
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3.5.2.2 ACVK Method

ACVK is readily bleached by ozone, which serves as the basis for this spectrophotometric procedure
first reported by Masschelein (1977). The procedure has been developed further for the measurement
of ozone in the presence of chlorine (Ward and Larder, 1973).

The advantages of this method (Langlais et al., 1991) are:

e Its ease of execution and stability of the dye reagent solution; -
e A linear calibration curve over the range of 0.05 to 1.0 mg/L of ozone; and

e The apparent lack of interferences from low levels of manganese, chlorine or combined
chlorine (up to 10 mg/L), organic peroxides, and other organic oxidation products.

3.5.2.3 Bis-(Terpyridine)lron(ll) Method

Bis-(Terpyridine)Iron(Il) in dilute hydrochloric acid solution reacts with ozone to change the
absorbance spectra measured at 552 nm (Tomiyasu and Gordon, 1984). The only known interferent
is chlorine. However, chlorine interferences can be masked by the addition of malonic acid.
Alternatively, since the reaction between chlorine and the reagent is slower than the reaction with
ozone, the spectrophotometric measurements can be carried out immediately after reagent mixing to
reduce the chlorine interference. Chlorine dioxide does not interfere (Gordon et al, 1992).

The primary advantages of the Bis-(Terpyridine)Iron(II) Method are its lack of interferences, low
limits of detection (4 ng/L), broad working range (up to 20 mg/L), excellent reproducibility, and
agreement with the indigo colorimetric method.

3.5.2.4 Stripping into the Gas-Phase

In this indirect procedure, residual ozone is stripped from the solution using an inert gas. The amount
of ozone present in the gas phase is then analyzed by gas-phase analytical methods such as UV
absorption or chemiluminescence described previously. This stripping technique was developed to
minimize the complications caused by the presence of other oxidants in solution. ‘

The success of this procedure initially depends upon the ability to strip ozone from the treated water
without any decomposition. Since stripping conditions such as temperature, pH, and salinity can
vary, the reliability of this method is suspect (Langlais et al., 1991).

3.5.3 Bromate Monitoring for Systems Using Ozone

The DBPR requires that community water systems and non-transient non-community water systems that
use ozone for disinfection or oxidation must monitor their system for bromate. These systems are
required to take one sample per month for each treatment plant with samples collected at the entrance to
the distribution system while the ozonation system is operating under normal conditions.
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The DBPR provides reduced monitoring opportunities (i.., quarterly rather than monthly samples) if the
system demonstrates that the average source water bromide concentration is less than 0.05 mg/L based
upon representative monthly bromide measurements for one year. Systems can remain on the reduced
monitoring schedule until the running annual average source water bromide concentration, computed
quarterly, is equal to or greater than 0.05 mg/L based upon representative monthly measurements.

For compliance monitoring for bromate, systems must use the ion chromatography analytical method as
specified in USEPA Method 300.1, Determination of Inorganic Anions in Drinking Water by lon
Chromatography, Revision 1.0 (USEPA, 1997).

If the average of samples covering any consecutive four-quarter period exceeds the MCL, the system is in
violation of the MCL and must notify the public pursuant to 40 CFR §141.32. The system must also
report to the State pursuant to 40 CFR §141.134. If the system fails to complete 12 consecutive months'
monitoring, compliance with the MCL for the last four-quarter compliance period must be based on an
average of the available data.

3.6 Operational Considerations

3.6.1 Process Considerations

Because ozone is such a strong oxidant, it will react with many organic and inorganic compounds
present in the water. Ozone is used to remove tastes and odors by breaking down organic
compounds, and to aid in the removal of iron and manganese by oxidizing these compounds to less
soluble forms. These demands should be satisfied before any ozone is available to satisfy primary
disinfection requirements. The presence and concentration of these compounds can dictate the
location of ozone addition, depending on the process goals.

Stolarik and Christie (1997) present the results of 10 years of operation at the 600 mgd Los Angeles
Aqueduct Filtration and Ozone Facility. Operational experiences at this facility showed lower
particle counts (greater than one micron) with ozone use. The optimum ozone concentration in the
gas phase applied was found to be 6 percent when using the cryogenic oxygen production facilities,
and 4 to 5 percent when using liquid oxygen (LOX).

3.6.2 Space Requirements

Storage of LOX is subject to regulations in building and fire codes. These regulations will impact the
space requirements and may dictate the construction materials of adjacent structures if the certain
setback requirements cannot be met. In general, the footprint for ozone generated from air is smaller
than that required for chloramination and chloride dioxide applications. However, the footprint area
for ozone generated from pure oxygen is comparable to that of chlorine dioxide because of the
additional area needed for storage.
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3.6.3 Material Selection

Ozone-resistant materials should be used from the ozone generators through the off-gas destruct unit.
If oxygen is used for the feed gas, oxygen resistant materials should be used up to the generators.
Pure oxygen piping should be specially cleaned after installation for oxygen service, which increases
construction cost. Materials for air preparation systems can be those normally used for compressed
air systems. Langlais et al. (1991) recommended that piping beyond the desiccant dryers be ozone-
resistant, as some backflow and ozone diffusion can occur. If a receiver is provided following the
desiccant dryer, the piping should be ozone-resistant, downstream of the pressure regulator. Ozone-
resistant (oxygen resistant as well if high purity oxygen is the feed gas) check valves should be
placed in the piping ahead of the generator. '

Ozone-resistant materials include the austenitic (300 series) stainless steels, glass and other ceramics,
Teflon and Hypalon, and concrete. The 304 series stainless steels can be used for “dry” ozone gas
(also for oxygen), 316 series should be used for “wet” service. Wet service includes piping in the
contactors and all off-gas piping and the off-gas destruct unit. Teflon or Hypalon should be used for
gasket materials. Concrete should be manufactured from Type II or Type IV cement. Typical
practice in the United States is to provide 3 inches of cover for reinforcing to prevent corrosion by
either ozone gas or ozone in solution, although Fonlupt (1979) reports that 4 cm (1.13 inches) is
adequate for protection. Hatches for access into contactors should be fabricated from 316 series
stainless steels and provided with ozone-resistant seals.

3.6.4 Ozone System Méintenance

Stolarik and Christie (1997) provide a good overview of the operational and maintenance
requirements during the 10 years of operating the 600 mgd Los Angeles Aqueduct Filtration and
Ozone Plant. The ozone system has been available 97.1 percent of the time over the 10 year period.

Fuse failure and generator cleaning comprised the major maintenance chores on the ozone generators
during the first years. Fuse failure was caused by a malfunction when its glass dielectric tube failed.
Vessels are cleaned every three years or when exit gas temperatures rise due to Fe;O4 deposits on the
ground electrode/heat exchanger surfaces.

Rod shaped ceramic diffusers worked well as ozone diffusers for the initial two years. These were
replaced by sintered stainless steel and ultimately a modified ceramic diffuser.

3.6.5 Ozone Safety

Concern for safety even at the risk of being overcautious, would be to follow practices that have been
successfully applied to other oxidants over the years. This would be to generally isolate the
ozonation system from the remainder of the plant. This should not be interpreted to mean a separate
building, but rather separate rooms, separate exterior entrances, separate heating and ventilation
systems, noise control, etc. This method already is manifested in some of the European ozonation
plants, but on a lesser scale.
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Ozone generators should be housed indoors for protection from the environment and to protect
personnel from leaking ozone in the case of a malfunction. Ventilation should be provided to prevent
excess temperature rise in the generator room, and to exhaust the room in the case of a leak.
Adequate space should be provided to remove the tubes from the generator shell and to service the
generator power supplies. Air prep systems tend to be noisy; therefore, it is desirable to separate
them from the ozone generators. Off-gas destruct units can be located outside if the climate is not
too extreme. If placed inside, an ambient ozone detector should be provided in the enclosure. All
rooms should be properly ventilated, heated, and cooled to match the equipment-operating
environment.

Continuous monitoring instruments should be maintained to monitor levels of ozone in the rooms.
Self-contained breathing apparatuses should be located in hallways outside the rooms liable to ozone
hazards. Ambient ozone exposure levels, which have been proposed by appropriate U.S.
organizations, are summarized below. The maximum recommended ozone levels are as follows:

e Occupational Safety and Health Administration. The maximum permissible exposure to
airborne concentrations of ozone not in excess of 0.1 mg/L (by volume) averaged over an eight-
hour work shift.

e American National Standards Institute/American Society for testing Materials
(ANSI/ASTM). Control occupational exposure such that the worker will not be exposed to
ozone concentrations in excess of a time weighted average of 0.1 mg/L (by volume) for eight
hours or more per workday, and that no worker be exposed to a ceiling concentration of ozone in
excess of 0.3 mg/L 9by volume) for more than ten minutes.

e American Conference of Government Industrial Hygienists (ACGIH). Maximum ozone
level of 0.1 mg/L (by volume) for a normal eight hour work day or 40 hour work week, and a
maximum concentration of 0.3 mg/L (by volume) for exposure of up to 15 minutes.

e American Industrial Hygiene Association. Maximum, concentration for eight hour exposure
of 0.1 mg/L (by volume).

There is a question of whether prolonged exposure to ozone may impair a worker’s ability to smell or
be aware of ozone levels at less than critical levels. Awareness of an odor of ozone should not be
relied upon. Instrumentation and equipment should be provided to measure ambient ozone levels and
perform the following safety functions:

o Initiate an alarm signal at an ambient ozone level of 0.1 mg/L (by volume). Alarms should
include warning lights in the main control panel and at entrances to the ozonation facilities as
well as audible alarms.

o Initiate a second alarm signal at ambient ozone levels of 0.3 mg/L (by volume). This signal
would immediately shut down ozone generation equipment and would initiate a second set of
visual and audible alarms at the control panel and at the ozone generation facility entrances. An
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emergency ventilation system capable of exhausting the room within a period of 2 to 3 minutes
also would be interconnected to the 0.3 mg/L ozone level alarm.

Ozone gas is a hazardous gas and should be handled accordingly. Ambient ozone levels should be
monitored and equipment shut- down and alarmed when levels exceed 0.1 ppm. Emergency
ventilation is typically provided for enclosed areas. Building and fire codes will provide additional
guidance. The OSHA exposure limit for an 8-hour shift is 0.1 ppm by volume. The pungent odor of
ozone will provide warning to operators of any possible ozone leak.

3.7 Summary

3.7.1 Advantages and Disadvantages of Ozone Use

The following list highlights selected advantages and disadvantages of using ozone as a
disinfection method for drinking water (Masschelein, 1992). Because of the wide variation of
system size, water quality, and dosages applied, some of these advantages and disadvantages
may not apply to a particular system.

Advantages

e Ozone is more effective than chlorine, chloramines, and chlorme dioxide for inactivation of viruses,
Cryptosporidium, and Giardia. :

e Ozone oxidizes iron, manganese, and sulfides.

e Ozone can sometimes enhance the clarification process and turbidity removal.

e Ozone controls color, taste, and odors.

e  One of the most efficient chemical disinfectants, ozone requires a very short contact time.

e In the absence of bromide, halogen-substitutes DBPs are not formed.

e Upon decomposition, the only residual is dissolved oxygen.

¢ Biocidal activity is not influenced by pH.-

Disadvantages

e DBPs are formed, particularly by bromate and brormne-substltuted DBPs, in the presence of bromide,
aldehydes, ketones, etc.

e The initial cost of ozonation equipment is high.

e The generation of ozone requires high energy and should be generated on-site.

e Ozone is highly corrosive and toxic.

e Biologically activated filters are needed for removing assimilable organic carbon and biodegradable
DBPs.

e Ozone decays rapidly at high pH and warm temperatures. '

e Ozone provides no residual.
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e Ozone requires higher level of maintenance and operator skill.

3.7.2 Summary Table

Table 3-12 presents a summary of the considerations for the use of ozone as a disinfectant.

Table 3-12. Summary of Ozone Disinfection Considerations

Consideration Description

Generation Because of its instability, ozone should be generated at the point of
use. Ozone can be generated from oxygen present in air or high purity
oxygen. The feed gas source should be clean and dry, with a maximum
dewpoint of -60°C. Ozone generation consumes power at a rate of 8 to
17 kWhr/kg Os. Onsite generation saves a lot of storage space.

Primary uses Primary uses include primary disinfection and chemical oxidation. As an
oxidizing agent, ozone can be used to increase the biodegradability of
organic compounds destroys taste and odor control, and reduce levels
of chlorination DBP precursors. Ozone should not be used for
secondary disinfection because it is highly reactive and does not
maintain an appreciable residual level for the length of time desired in
the distribution system. |

Inactivation efficiency Ozone is one of the most potent and effective germicide used in water
treatment. It is effective against bacteria, viruses, and protozoan cysts.
Inactivation efficiency for bacteria and viruses is not affected by pH; at
pH levels between 6 and 9. As water temperature increases, ozone
disinfection efficiency increases.

Byproduct formation Ozone itself does not form halogenated DBPs; however, if bromide ion
is present in the raw water or if chlorine is added as a secondary
disinfectant, halogenated DBPs, including bromate ion may be formed.
Other ozonation byproducts include organic acids and aldehydes.

Limitations Ozone generation is a relatively complex process. Storage of LOX (if
oxygen is to be the feed gas) is subject to building and fire codes.

Points of application For primary disinfection, ozone addition should be prior to
biofiltration/filtration and after sedimentation. For oxidation, ozone
addition can be prior to coagulation/sedimentation or filtration
depending on the constituents to be oxidized.

Safety considerations - Ozone is a toxic gas and the ozone production and application facilities
should be designed to generate, apply, and control this gas, so as to
protect plant personnel. Ambient ozone levels in plant facilities should
be monitored continuously.
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Since the beginning of the twentieth century, when it was first used at a spa in Ostend, Belgium,
chlorine dioxide has been known as a powerful disinfectant of water. During the 1950s, it was
introduced more generally as a drinking water disinfectant since it provided less organoleptic
hindering than chlorine. Approximately 700 to 900 public water systems use chlorine dioxide to
treat potable water (Hoehn, 1992). Today, the major uses of chlorine dioxide are:

e CT disinfection credit;
e Preoxidant to control tastes and odor;
e Control of iron and manganese; and

e Control of hydrogen sulfide and phenolic compounds.
4.1 Chlorine Dioxide Chemistry
4.1.1 Oxidation Potential

The metabolism of microorganisms and consequently their ability to survive and propagate are
influenced by the oxidation reduction potential (ORP) of the medium in which it lives (USEPA,
1996). '

Chlorine dioxide (C10,) is a neutral compound of chlorine in the +IV oxidation state. It disinfects by
oxidation; however, it does not chlorinate. It is a relatively small, volatile, and highly energetic
molecule, and a free radical even while in dilute aqueous solutions. At high concentrations, it reacts
violently with reducing agents. However, it is stable in dilute solution in a closed container in the
absence of light (AWWA, 1990). Chlorine dioxide functions as a highly selective oxidant due to its
unique, one-electron transfer mechanism where it is reduced to chlorite (C10,") (Hoehn et al., 1996).
The pKa for the chlorite ion, chlorous acid equilibrium, is extremely low at pH 1.8. This is
remarkably different from the hypochlorous acid/hypochlorite base ion pair equilibrium found near
neutrality, and indicates the chlorite ion will exist as the dominant species in drinking water. The
oxidation reduction of some key reactions are (CRC, 1990):

ClOyaq) + € = ClOY E°=0.954V
Other important half reactions are:

ClOy + 2H,0 +4e" = Cl' + 40H " E°=0.76V

ClO5 + H,0 +2¢ = ClOy +20H" - E°=0.33V
ClOy + 2H" + ¢ = ClO, + H,0 E°=1.152V
April 1999 4-1 EPA Guidance Manual

Alternative Disinfectants and Oxidants




4. CHLORINE DIOXIDE

In drinking water, chlorite (C1O7) is the predominant reaction endproduct, with approximately 50 to
70 percent of the chlorine dioxide converted to chlorite and 30 percent to chlorate (C1O537) and
chloride (CI') (Werdehoff and Singer, 1987).

4.2 Generation

4.2.1 Introduction

One of the most important physical properties of chlorine dioxide is its high solubility in water,
particularly in chilled water. In contrast to the hydrolysis of chlorine gas in water, chlorine dioxide
in water does not hydrolyze to any appreciable extent but remains in solution as a dissolved gas
(Aieta and Berg, 1986). It is approximately 10 times more soluble than chlorine (above 11°C), while
it is extremely volatile and can be easily removed from dilute aqueous solutions with minimal
aeration or recarbonation with carbon dioxide (e.g. softening plants). Above 11 to 12°C, the free
radical is found in gaseous form. This characteristic may affect chlorine dioxide's effectiveness when
batching solutions and plumbing appropriate injection points. Other concerns are the 1ncreased
difficulty in analyzing for specific compounds in the presence of many mterfermg
compounds/residual longevity and volatility of gaseous compounds. In the gaseous form, the free
radicals also react slowly with water. The reaction rate is 7 to 10 million times slower than that of
the hydrolysis rate for chlorine gas (Gates, 1989).

Chlorine dioxide cannot be compressed or stored commercially as a gas because it is explosive under
pressure. Therefore, it is never shipped. Chlorine dioxide is considered explosive at higher
concentrations which exceed 10 percent by volume in air, and its ignition temperature is about 130°C
(266°F) at partial pressures (National Safety Council Data Sheet 525 — ClO,, 1967). Strong aqueous
solutions of chlorine dioxide will release gaseous chlorine dioxide into a closed atmosphere above
the solution at levels that may exceed critical concentrations. Some newer generators produce a
continuous supply of dilute gaseous chlorine dioxide in the range of 100 to 300 mm-Hg (abs) rather
than in an aqueous solution (National Safety Council, 1997). For potable water treatment processes,
aqueous solutions between 0.1 and 0.5 percent are common from a number of current generation
technologies.

Most commercial generators use sodium chlorite (NaClO,) as the common precursor feedstock
chemical to generate chlorine dioxide for drinking water application. Recently, production of
chlorine dioxide from sodium chlorate (NaClO3) has been introduced as a generation method where
in NaClO; is reduced by a mixture of concentrated hydrogen peroxide (H,0,) and concentrated
sulfuric acid (H2SO,). Chlorate-based systems have traditionally been used in pulp and paper
applications, but have recently been tested full-scale at two U.S. municipal water treatment plants.
This is an emerging technology in the drinking water field and is not discussed in this guidance
manual.
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4.2.2 Chlorine Dioxide Purity

Chlorine dioxide generators are operated to obtain the maximum production (yield) of chlorine
dioxide, while minimizing free chlorine or other residual oxidant formation. The specified yield for
chlorine dioxide generators is typically greater than 95 percent. In addition, the measurable excess
chlorine should be less than 2 percent by weight in the generator effluent. Generator yield is defined
as (Gordon et al., 1990):

Yield = [ClOz] —x 100
[cio,]+|cio; |+ (@ )cios |
Where: [ClO,] = Chlorine dioxide concentration, mg/L.
[ClO; ] = Chlorite concentration, mg/L.
[ClO;] = Chlorate concentration, mg/L.
67.45 = Molecular weight ratio of ClO;" to ClOs3'".
83.45

Since any chlorite ion fed to the generator may result in the formation of Cl0O,, ClOy’, or ClOy, the
purity of the resultant mixture can be calculated using the concentrations of each of the species from
appropriate analytical measurements. The determination of purity requires neither flow
measurement, mass recoveries, nor manufacturer-based methods to determine production “yield,”
“theoretical yield,” “efficiency,” or conversion for any precursor feedstock. This approach does not
require flow measurements that can introduce up to 5 percent error in the calculations.

Utilities that use chlorine dioxide should measure excess chlorine (as FAC) in the generator effluent
in addition to the ClO; related species. FAC may appear as false ClO, residuals for CT purposes, or
result in the formation of chlorinated DBPs if high, relative to the Cl1O; level in the generated
mixture. Excess chlorine is defined as:

[Cl,]
Excess Cl, = — 16745 X 100
[CI0,1+[CIO, 1+ (8143 )icl07 12
70.91 . . . . .
Where: ————— = stoichiometric and molecular weight ratio of Cl, to ClO;".
(2x67.45)

The following represents a summarily simpler equation that substantially resolves the problems of
different equipment-specific calibration methods, chlorine-contaminated ClO,, or low efficiency
conversion of either chlorite- or chlorate-based precursor material.
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[CIO, ]
— — %100
[CIO, ] +[FAC]+[CIO; 1+ [CIOS ]

Purity =

This practical (weight-based) calculation permits a variety of approved analytical methods (discussed
in section 4.6) to be used to assess generator performance on unbiased scientific principles, rather
than non-standardized manufacturer specifications.

1 4.2.3 Methods of Generating Chlorine Dioxide

For potable water application, chlorine dioxide is generated from sodium chlorite solutions. The
principal generation reactions that occur in the majority of generators have been known for a long
time. Chlorine dioxide can be formed by sodium chlorite reacting with gaseous chlorine (Clyg),
hypochlorous acid (HOCI), or hydrochloric acid (HCl). The reactions are:

2NaCl0O; + C]z(g) = 2C102(g) + 2NaCl [1a]
2NaClO; + HOCI = 2ClOy,) + NaCl + NaOH [1b]
SNaClO; + 4HCI = 4ClO;) + 5NaCl + 2H,0 [1c]

Reactions [1a], [1b], and [1c] explain how generators can differ even though the same feedstock
chemicals are used, and why some should be pH controlled and others are not so dependent on low
pH. In most commercial generators, there may be more than one reaction taking place. For example,
the formation and action of hypochlorous acid as an intermediate (formed in aqueous solutions of
chlorine) often obscures the “overall” reaction for chlorine dioxide production.

Table 4-1 provides information on some types of available commercial generators. Conventional
systems react sodium chlorite with either acid, aqueous chlorine, or gaseous chlorine. Emergent
technologies identified in Table 4-1 include electrochemical systems, a solid chlorite inert matrix
(flow-through gaseous chlorine) and a chlorate-based emerging technology that uses concentrated
hydrogen peroxide and sulfuric acid.
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Table 4-1. Commercial Chlorine Dioxide Generators

MAIN REACTIONS
Reactants, byproducts, key

GENERATOR TYPE reactions, and chemistry notes SPECIAL ATTRIBUTES
ACID-CHLORITE: 4HCI + 5NaClOz > 4CIOzaq + ClO  Chemical feed pump interlocks required.
(Direct Acid System) e LowpH Production limit ~ 25-30 Ib/day.

e  ClOs possible Maximum yield at ~80% efficiency.

e  Slow reaction rates
AQUEOUS CHLORINE- Cla + H20 = [HOCI/ HCI| Excess Clz or acid to neutralize NaOH.
CHLORITE:

(Cl2 gas ejectors with chemical
pumps for liquids or booster

[HOCIHCI] + NaClOz =
ClOzg) + H/OCI- + NaOH + ClOs

Production rates limited to ~ 1000 Ib/day.
High conversion but yield only 80-92%
More corrosive effluent due to low pH (~2.8-3.5).

. pump for ejector water). )
o lowpH Three chemical systems pump HCI,
e ClOs possible hypochlorite, chlorite, and dilution water to
. ) reaction chamber.
e Relatively slow reaction rates
RECYCLED AQUEOUS 2HOCI + 2NaCl0z & 2CI02+ Clz +  Concentration of ~3 g/L required for maximum

CHLORINE OR "FRENCH
LOOP"™

(Saturated Clz solution via a
recycling loop prior to mixing
with chlorite solution.)

2NaOH

e Excess Cl or HCI needed due to
NaOH formed.

efficiency.

Production rate limited to ~ 1000 Ib/day.

Yield of 92-98% with ~10% excess Gl reported.
Highly corrosive to pumps; draw-down
calibration needed. Maturation tank required
after mixing.

GASEOUS CHLORINE-
CHLORITE

(Gaseous Cl and 25% solution
of sodium chiorite; pulled by
gjector into the reaction column.)

Clatg) + NaClOzaq) = ClO2(aq)
e  Neutral pH
¢ Rapid reaction

e Potential scaling in reactor under
vacuum due to hardness of
feedstock.

Production rates 5-120,000 Ib/day.

Ejector-based, with no pumps. Motive water is
dilution water. Near neutral pH effluent. No
excess Clo. Turndown rated at 5-10X with yield

. 0f 95-99%. Less than 2% excess Clz. Highly

calibrated flow meters with min. line pressure ~
40 psig needed.

GASEOUS CHLORINE-
SOLIDS CHLORITE MATRIX

{Humidified Clo gas is pulled or
pumped through a stable matrix
containing solid sodium chlorite.)

Clatg) + NaClOz) = ClOzg) + NaCl

e Rapid reaction rate

e  New technology

Cl2 gas diluted with N2 or filtered air to produce
~8% gaseous ClOz stream. Infinite turndown is
possible with >99% yield. Maximum rate to
~1200 ib/day per column; ganged to >10,000
lb/day. '

ELECTROCHEMICAL

(Continuous generation of ClO2
from 25% chlorite solution
recycled through electrolyte cell)

NaClOz(aq) = ClOzaq) + €
e  New technology

Counter-current chilled water stream accepts
gaseous ClO2 from production cell after it
diffuses across the gas permeable membrane.
Small one-pass system requires precise flow for
power requirements (Coulombs law).

ACID/PEROXIDE/CHLORIDE

2NaClOs + H202 + H2S04 < 2ClO:2 +
02 + NaSOs4 + H20

Uses concentrated Hz02 and H2S0a.
Downscaled version; Foam binding; Low pH.

Source: Adapted from Gates, 1998.

4.2.3.1

Commercial Generators

The conventional chlorine-chlorite solution method generates chlorine dioxide in a two-step process.
First, chlorine gas is reacted with water to form hypochlorous acid and hydrochloric acid. These
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acids then react with sodium chlorite to form chlorine dioxide. The ratio of sodium chlorite to
hypochlorous acid should be carefully controlled. Insufficient chlorine feed will result in a large ‘
amount of unreacted chlorite. Excess chlorine feed may result in the formatron of chlorate ion,

which is an oxidation product of chlorine dioxide and not currently regulated

Acid-Chlorite Solution - Chlorine dioxide can be generated in direct-acidification generators by
acidification of sodium chlorite solution. Several stoichiometric reactions have been reported for
such processes (Gordon et al., 1972). When chlorine dioxide is generated in this way, hydrochlorre
acid is generally preferred (Reactron [1cD.

Aqueous Chlorine-Chlorite Salution - Chlorite ion (from dissolved sodium chlorite) will react with
hydrochloric acid and hypochlorous acid to form chlorine dioxide in these systems, commonly
referred to as conventional systems (Reaction [1b]):

Figure 4-1 shows a typical chlorine dioxide generator using aqueous chlorine-chlorite solution
(Demers and Renner, 1992).

If chlorine gas and chlorite ion are allowed to react under ideal conditions (not usually formed in

aqueous chlorine type systems), the resulting pH of the effluent may be close to 7. To fully utilize

sodium chlorite solution, the more expensive of the two ingredients, excess chlorine is often used.

This approach lowers the pH and drives the reaction further toward completion. The reaction is

faster than the acid-chlorite solution method, but much slower than the other commercial methods ‘

described in the following discussion.

Recycled Aqueous Chlorine or “French Loop”™ - In this aqueous chlorine design, shown in
Figure 4-2, chlorine gas is injected into a continuously circulating water loop. This eliminates the
need for a great excess of Cl, gas to be fed to the generator since the molecular chlorine will dissolve
in the feed water, and thus maintain a low pH level of the feed water. Loop-based generators keep
chlorine at or above saturation levels. The low pH condition results in high yields of chlorine
dioxide (greater than 95 percent at design production rate) (Thompson, 1989). Chlorine in the
generator effluent may react with chlorine dioxide to form chlorate if allowed to stand in batch
storage too long. The “French Loop” type of generator is more difficult to operate due to system
start-up and control of sodium chlorite feed rate (meter pump), chlorine feed rate (rotameter), and the
recirculating loop (pump). Newer designs incorporate a second batching tank for continuous
aqueous chlorine storage, thus removing many of these startup or recycling difficulties.

Gaseous Chlorine-Chlorite Solution - Sodium chlorite solution can be “vaporized” and reacted
under vacuum with molecular gaseous chlorine. This process uses undiluted reactants and is much
more rapid than chlorine solution:chlorite solution methods (Pitochelli, 1995). Production rates are
more easily scaled up, and some installed systems have reported producing more than 60,000 pounds
per day.

EPA Guidance Manual 4-6 April 1999
Alternative Disinfectants and Oxidants



4. CHLORINE DIOXIDE

H " Sight Glass
Control Box Chlorine Dioxide
Solution (—-::——-
V= | S R ———

[}
i
___________________________ pH Sensor 1 Low Vacuum
] : Switch
e
!
]

Check [ I e Y L " mm s mm e e s owm s
\, J . Valve | :
- Ejector
1

Solenoid Valve

Restrictor

111
b =
S ' Nil—&=
EEE ! ik

.
Pl ! . it '
1y T """‘"" 1 * Control |
11 y . | Valve -
i1 |_—— Level | i 1
: : Switch : 1 .
[ 1 * | Chlorine Water
11 - ! Flowmeter Flowmeter I
[ 25% Active . 1 : .
i Sodium Chlorite 1 T4 1
: : Solution Tank » -

Pressure B

Vo ] ypass
i . Regulator Line !
P i
ol : :
e N iRttty Ittt < .
i
: .
! 1
. -
1
b

Vacuum
Regulator
with Loss of
Chlorine Switch

Chlorine
Gas Water Inlet

Source: Demers and Renner, 1992.

Figure 4-1. Conventional Chlorine Dioxide Generator When Using
Chlorine-Chlorite Method

The acid-sodium hypochlorite-sodium chlorite method of generating chlorine dioxide is used when
chlorine gas is not available. First, sodium hypochlorite is combined with hydrochloric or another
acid to form hypochlorous acid. Sodium chlorite is then added to this reaction mixture to produce

chlorine dioxide.

4.2.3.2 pH Effects on Chlorine Dioxide Generation

If hypochlorous acid is formed, one of the byproducts of its reaction with sodium chlorite in solution
is sodium hydroxide. Since sodium hydroxide is also a common stabilizer of sodium chlorite
feedstock, the resulting pH of the mixture can be too high. A high pH slows the formation of
chlorine dioxide and impels less efficient chlorate-forming reactions. This is the same process in
which chlorite and hypochlorite ions react in drinking water to form chlorate ion. This neutralizing
effect of caustic may be influenced by different stabilities used in each of the types and sources of
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sodium chlorite which are approved for use in drinking water under AWWA Standard B303-95 |
(AWWA, 1995).
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Figure 4-2. Chiorine Dioxide Generation Using Recycled Aqueous Chlorine
Method

In very low pH aqueous chlorine solutions, chlorous acid (and not the chlorite ion) may be directly
oxidized to chlorine dioxide as shown in reaction [1d]. At this low pH, gaseous chlorine remains
“dissolved" in the water at concentrations higher than the normal occurrence, and allows reaction
[1a] to proceed.

2HCIO, + HOCIl = HCl + H,0 + 2ClO, [1d]

4.2.3.3 Chlorate Byproduct Formation

One of the most undesirable byproducts in generators is the chlorate ion (ClO5s). Chlorate
production is possible through reactions with the intermediate dimer, {C1,0,}. Rather than the
chlorite ion being simply "converted" to chlorine dioxide, reactions [1a] through [1d] can result in the
supposed formation of the unstable, unsymmetrical intermediate dimer, {C1,0,} or {CI’-ClO,} as
shown in reaction [2] (Emmenegger and Gordon, 1967).

Ch + ClOy = {CI-CIO,} + CT" 2
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In some generators that operate with relatively low initial reactant concentrations, a significant
amount of chlorate is formed by reactions with {C1,0,}, as shown in reactions [3a], [3b], and [3c].

{CLO,} + H.O = ClO5 + CI' + 2H" [3a]
{CLO,} + HOCl = ClO5 + CI' + H* [3b]
{CLO,} +3HOCI + H,0 =2ClO5 + 5H" + 3Cl’ [3c]

Highly acidic (pH <3) reaction mixtures force the degradation of {Cl,O,} to chlorate rather than
chlorine dioxide, as well as the direct oxidation of chlorite to chlorate.

The overall reactions that describe chlorate ion formation are:

ClOy + HOCl = ClOy + CI' + H* ‘ [4a]
and
ClOy + Cl, + H,0 = ClO3 + 2CT + H' [4b]

The following conditions may also produce the chlorate ion:

e Excessively high ratios of Cl, gas:ClO;".

e Presence of high concentrations of free chlorine at low pH in aqueous solutions.

o Dilute chlorite solutions held at low pH.

e Base-catalyzed disproportionation of chlorine dioxide at high pH values (pH >11).
e Reaction mixtures that are highly acidic (pH <3). ‘

e An excess of hypochlorous acid will directly oxidize chlorite ions to chlorate ions rather than
to chlorine dioxide (independent of the rapid formation of the {Cl,0,} intermediate).

4.2.4 Generator Design

As hypochlorous acid is formed under acidic conditions, the lowering of optimal concentrations of
precursor reactants will also increase chlorate levels in the generator by promoting reaction [3b].
Therefore, if weak precursor feed stocks or high amounts of dilution water are added to the
generator, chlorate will be more prevalent (according to reaction [3a}). These limitations explain
why generators most often use ~25 percent chlorite solutions and gaseous (or near-saturated aqueous)
chlorine. Higher strength solutions of sodium chlorite (e.g., 37 percent) also are more susceptible to
crystallization or stratification at ambient temperatures as high as 25°C(78°F).

Due to these dilution effects, some systems function best as "intermittent batch" generators, (that
produce high concentrations of chlorine dioxide) rather than as "continuous" generators (that produce
lower concentrations (< 1g/L) of chlorine dioxide). The stored solutions are pumped or injected from
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the storage tank. Cycling frequently avoids long-term (over 24 hour periods) storage of the
generated solution.

Chlorine loop-type systems can obtain high conversion rates if excess chlorine is always present.
Excess chlorine permits the molecular chlorine reaction mechanism (described above) to proceed.
The low pH of the mixture-also minimizes the contribution of OH" formed via equation [1b] by
neutralizing it. These solutions may still be contaminated with excess chlorine needed to drive the
conversion of chlorite ion, but not to the same degree as found in simple aqueous chlorine systems
when operated under dilute conditions. Chlorine-loop generators run best at high capacity since the
chlorite ion is most available in this production mode.

Conventional or acid-enhanced generators produce chlorine dioxide through the intermediate

{Cl,0,} as long as relatively high concentrations of reactants (~above 20-30 g/L) are maintained in
the reaction chamber prior to dilution. Vapor-phase, recycled loop, and solid chlorite-type generators
that minimize dilute aqueous reaction conditions can obtain high efficiencies by preventing any
chlorite ion from reacting in the "slower” steps described above. This is accomplished by
establishing conditions that force the immediate reaction between chlorite ions and gas-phase or
molecular chlorine at a rate hundreds of times faster than the Cl, hydrolysis in water. This
essentially minimizes the impact of competitive chlorine hydrolysis or acidification on the dominant
[C10,":Cl, gas] mechanism, and prevents the chlorite ion reacting with hypochlorous acid directly.

In all generators, large excess amounts of Cl, may result in the over-oxidization of chlorite and
directly form chlorate in aqueous solution (reaction [4b]). Precursor chemical feed rates for the
generators should always be adjusted to chart settings supplied with generators, notably with the
continuous flow, direct gas injection systems. Re-calibration of these systems is sometimes needed
on-site if feed stock sodium chlorite is not of the correct strength, or if pre-calibrated flow devices
have been replaced.

If aqueous chlorine solutions are mixed with sodium chlorite feed stock solutions, the following
mechanisms are dominant, which may affect the formation rates of chlorine dioxide:

e Chlorine gas reacts with water to form hypochlorous and hydrochloric acids, rather than
directly with chlorite to form chlorine dioxide. (Water and chlorite both compete for the Cl,
molecule simultaneously) (see equations [4.1a-c] and Section 6.1.1).

e Chlorate ion is formed (reactions [3a], [3b], and [3c]).

¢ Only 4 moles of chlorine dioxide are obtained from 5 moles of sodium chlorite via direct
acidification (reaction [1c]). This may become important at low pH and high chloride ion
levels.

The practical side of all of this is that different generators operate under different optimal conditions.
For example, reactor columns should not be continuously flooded with excess water in vapor-phase
systems. It is the main reason why dry chlorite-based generator reactor columns should not get wet.
Over-dilution of the precursor reactants themselves will lower conversion efficiencies due to the
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favored formation of chlorate over chlorine dioxide. Batch-type generation should always be carried
out at maximal ClO, concentration with appropriate adjustments at the pump (located downstream of
the reactor at the batch tank) for dosage or flow. Changes in chlorine dioxide concentrations in the
batch tanks would then be minimized, and pump calibration does not need to include a broad range
of chlorine dioxide levels. For the newer gas chlorine generators using dry sodium chlorite in an
inert matrix, small amounts of humidifying water in the mixture do not interfere significantly with
the simple gaseous Cl,:ClO; reaction. These small traces of water allow for continuous exposure of
ClO; on the inert.surfaces within the reactor column.

Chlorine dioxide generators are relatively simple mixing chambers. The reactors are frequently filled
with media (Teflon™ chips, ceramic or raschig rings) to generate hydraulic turbulence for mixing. A
sample petcock valve on the discharge side of the generator is desirable to allow for monitoring of
the generation process.

The Recommended Standards for Water Works (GLUMRB, 1992) and drinking water design
textbooks such as Unit Processes in Drinking Water Treatment by Masschelein (1992) are excellent
sources for chlorine dioxide generation design criteria and application.

4.2.5 Chemical Feed Systems

Fiberglass Reinforced vinyl ester Plastic (FRP) or High Density Linear Polyethylene (HDLPE) tanks
with no internal insulation or heat probes are recommended for bulk storage of 25 to 38 percent
solution sodium chlorite. Nozzles should include truck unloading vents and local level and
temperature indication. Transfer pumps should be centrifugal with 316 stainless steel, fiberglass,
Hypalon™, wetted Teflon™ parts, or epoxy resins. The pump should be sealless or equipped with
double mechanical seals. The recommended piping material is CPVC, although vinyl ester or Teflon
™ piping systems are acceptable. Carbon steel and stainless steel piping systems are not
recommended.

Depending upon system size, sodium chlorite can be purchased in 55-gallon drums, 275-gallon non-
returnable totes, or in bulk quantities. A 30-day storage supply of sodium chlorite can easily be met
for most small systems by using 55-gallon drums. A 55-gallon drum weighs approximately 600 lbs.
Equipment should be provided such that one person can easily handle a drum. All gaseous chlorine
or hypochlorite solution-related plumbing should follow Chlorine Institute directives.

Storage and chlorine dioxide systems typically include the following:

e Storage and feeding in a designated space.
¢ .Use of non-combustible materials such as concrete for construction.

e Storage in clean, closed, non-translucent containers. Exposure to sunlight, UV light, or
excessive heat will reduce product strength.
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e Avoid storage and handling of combustible or reactive materials, such as acids or organic
materials, in the sodium chlorite area.

e Secondary containment for storage and handling areas to handle the worse case spill with
sumps provided to facilitate recovery.

¢ A water supply near storage and handling areas for cieanup.

¢ Inert material should be used in contact with the strong oxidizing and/or acid solutions
involved in chlorine dioxide systems.

e Storage tanks with vents to outside.

e Adequate ventilation and air monitoring.

o Gas masks and first aid kits outside of the chemical areas.

¢ Reactor with glass view ports if it is not made of transparent material.

» Flow monitoring on all chemical feed lines, dilution water lines, and chlorine dioxide
solution lines.

e Dilution water should not be excessively hard in order to avoid calcium deposits and should
be near neutral pH.

e On-site and frequent testing of chemical solution strengths should be practiced to achieve
efficient process control.

e Air contact with chlorine dioxide solutions should be controlled to limit the potential for
explosive concentrations possibly building up within the generator. Chlorine dioxide
concentrations in air higher than 8 to 10 percent volume should be avoided. Two methods
can be applied: operation under vacuum or storage under higher positive pressure (45 to 75
psig) to prevent buildup of gas-phase ClO, in the head space. Bulk storage (batch) tanks
containing ClO; should be suitably vented to atmosphere. ‘

Sodium chlorite solution feed pumps are commonly diaphragm-metering pumps for liquid feed rate
control. If centrifugal pumps are used, the only acceptable packing material is Teflon. If lubrication
is needed, minimum quantities of fire-resistant lubricants should be used. Pump motors should be
totally enclosed, fan-cooled (TEFC) with sealed-for-life bearings. Couplings should be of the
greaseless type. Water lines for mechanical seals should have a pressure gauge and throttling valve
on the outlet side. Visual means should be provided to verify adequate water flow. Each pump
should include a calibration chamber.

Pipes carrying sodium chlorite should be provided sufficient support to minimize risk of
overstressing joints. Flexible connections to pumps should also be provided to minimize risk of
vibration damage. Pipe should be sloped to drainage points and valved hose connections provided at
strategic points for efficient flushing and draining. Service water for flushing feed lines should be
introduced only through 'temporarily connected hoses protected by a backflow preventer. Service
water lines should include check valves. Hose connections from service water lines should have a
vent valve to release pressure before the hose is disconnected after use.
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Flows are frequently measured with magnetic flow meters, mass flow meters, or rotameters for
precise control. Provisions should always be made for back-flow prevention. Sodium chlorite is
extremely reactive, especially in the dry form, and care should be taken to protect against potentially
explosive conditions.

Chlorine dioxide solution concentrations below about 10 g/L will not produce sufficiently high vapor
pressures to present an explosion hazard under most ambient conditions of temperature and pressure.
In water treatment, chlorine dioxide solution concentrations rarely exceed 4 g/L for temperatures less
than 40°C, and treatment levels generally range from 0.1 to 5.0 mg/L. If temperatures exceed 50°C,
storage tanks should be suitably vented due to the higher levels of ClO, possible. As cold
service/potable water is typically used as generator dilution water, these conditions are rarely
encountered.

4.2.6 Generator Power Requirements

Generator power requirements are similar to those for chlorination systems. For all generators (20 to
12,000 1b/day) power can be supplied from 120 VAC single phase, to 480 VAC three phase. Power
demand will vary based upon make-up water pressure available to operate the venturi. Fractional
horsepower metering pumps are required, based upon system configuration.

4.3 Primary Uses and Points of Application for Chlorine
Dioxide

The calculation of CT for chlorine dioxide is similar to other disinfectants, with accurate
determinations of residual concentrations being a prerequisite for effective disinfection. Primary
disinfectant credit is achieved by the residual concentration and the effective contact time. It has
been found in practice that because of the volatile nature of the gas, chlorine dioxide works
extremely well in plug flow reactors such as pipe lines. It can be easily removed from dilute aqueous
solution by turbulent aeration in rapid mix tanks or purging in recarbonation basins. CT credits
should not be expected through a filter because the likelihood that no residual remains in the filtered
water (DeMers and Renner, 1992). For post CT disinfection credit, chlorine dioxide can be added
before clearwells or transfer pipelines. Ample sampling points should be included to allow close
monitoring of residual concentrations. It is well known that chlorine dioxide is commonly destroyed
by UV in basins exposed to sunlight or bright fluorescent lights. Therefore, protective design
elements should be incorporated if such exposure is anticipated.

4.3.1 Disinfection

Before chlorine dioxide is selected for use as a primary disinfectant an oxidant demand study should
be completed. Ideally, this study should consider the seasonal variations in water quality,
temperature, and application points. Table 4-2 shows typical results for a single sample of a demand
study completed on a surface water source.
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The MRDL for chlorine dioxide is 0.8 mg/L and the MCL for chlorite is 1.0 mg/L per the D/DBP
rule. This means that if the oxidant demand is greater than about 1.4 mg/L, chlorine dioxide may not ‘
be used as a disinfectant because the chlorite/chlorate ions byproduct, might exceed the maximum

level allowed, unless inorganic byproducts (e.g., chlorite) are subsequently removed. There are

numerous means to reduce excessive chlorite levels prior to chlorination in conventional water

plants.

Table 4-2. Surface Water Chlorine Dioxide Demand Study Results

Dose (mg/L) Time (min) Cl02(mg/L) ClOz (mg/L) Cl0s (mg/L)
1.4 3 0.47 0.76 0.05
10 0.30 0.98 0.06
20 0.23 1.08 0.07
40 0.16 1.11 0.07
60 0.11 1.11 0.07

Source: DeMers and Renner, 1992.
Note: “Raw water sample, 23°C, 8.5 pH.

Typical dosages of chlorine dioxide used as a disinfectant in drinking water treatment range from
0.07 to 2.0 mg/L. For plants using chlorine dioxide, median concentrations of chlorite and chlorate
were found to be 0.24 and 0.20 mg/L, respectively in an EPA survey (USEPA, 1998), the standard is

1.0 mg/L. |
4.3.2 Taste and Odor Control

A common application of chlorine dioxide in drinking water in the United States has been for control
of tastes and odors associated with algae and decaying vegetation. Chlorine dioxide is also effective
in destroying taste and odor producing phenolic compounds. The recommended location for
application of chlorine dioxide for this purpose will depend on raw water quality, the type of
treatment plant and any other purposes for chlorine dioxide addition. In conventional treatment
plants, it is recommended that chlorine dioxide be added near the end of or following, the
sedimentation basin. If the raw water turbidity is low (for example, less than 10 NTU), chlorine
dioxide can be added at the beginning of the plant. Some utilities follow this practice because
chlorine dioxide is effective in controlling algae growth in flocculation and sedimentation basins that
are exposed to sunlight (DeMers and Renner, 1992). Such application during periods of darkness
may be more successful for nuisance algae control.

4.3.3 Oxidation of Iron and Manganese

Chlorine dioxide can be used to oxidize both iron and manganese. Chlorine dioxide reacts with the
soluble forms of iron and manganese to form precipitates that can be removed through sedimentation
and filtration. Chlorine dioxide reduces to chlorite ion in this reaction (Knocke et al., 1993). About
1.2 mg/L of chlorine dioxide is required to remove 1.0 mg/L of iron, and 2.5 mg/L of chlorine
dioxide are required to remove 1.0 mg/L of manganese. For high concentrations of iron and
manganese, the use of chlorine dioxide is limited to the 1.0 mg/L chlorite/chlorate ion byproduct, as
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described before. Ferrous iron may be added prior to conventional coagulation to chemically reduce
chlorite ion (to chloride ion) and improve the overall flocculation process.

4.4 Pathogen Inactivation and Disinfection Efficacy

For water treatment, chlorine dioxide has several advantages over chlorine and other disinfectants.

In contrast to chlorine, chlorine dioxide remains in its molecular form in the pH range typically found
in natural waters (Roberts et al., 1980). Chlorine dioxide is a strong oxidant and disinfectant. Its
disinfection mechanisms are not well understood, but appear to vary by type of microorganism

4.4.1 Inactivation Mechanisms

Gross physical damage to bacterial cells or viral capsids has not been observed at the low
concentrations of chlorine dioxide typically used to disinfect drinking water. Therefore, studies have
focused primarily on two more subtle mechanisms that lead to the inactivation of microorganisms:
determining specific chemical reactions between chlorine dioxide and biomolecules; and observing
the effect chlorine dioxide has on physiological functions.

In the first disinfection mechanism, chlorine dioxide reacts readily with amino acids cysteine,
tryptophan, and tyrosine, but not with viral ribonucleic acid (RNA) (Noss et al., 1983; Olivier et al.,
1985). From this research, it was concluded that chlorine dioxide inactivated viruses by altering the
viral capsid proteins. However, chlorine dioxide reacts with poliovirus RNA and impairs RNA
synthesis (Alvarez and O’Brien, 1982). It has also been shown that chlorine dioxide reacts with free
fatty acids (Ghandbari et al., 1983). At this time, it is unclear whether the primary mode of
inactivation for chlorine dioxide lies in the peripheral structures or nucleic acids. Perhaps reactions in
both regions contribute to pathogen inactivation.

The second type of disinfection mechanism focuses on the effect of chlorine dioxide on physiological
functions. It has been suggested that the primary mechanism for inactivation was the disruption of
protein synthesis (Bernarde et al., 1967a). However, later studies reported the inhibition of protein
synthesis may not be the primary inactivation mechanism (Roller et al., 1980). A more recent study
reported that chlorine dioxide disrupted the permeability of the outer membrane (Aieta and Berg,
1986). The results of this study were supported by the findings of Olivieri et al. (1985) and
Ghandbari et al. (1983), which found that the outer membrane proteins and lipids were sufficiently
altered by chlorine dioxide to increase permeability.

4.4.2 Environmental Effects

Studies have been performed to determine the effect of pH, temperature, and suspended matter on the
disinfection efficiency of chlorine dioxide. Following is a summary of the effects these parameters
have on pathogen inactivation.
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4.4.2.1 pH

In comparison to chlorine, studies have shown that pH has much less effect on pathogen inactivation ‘
for viruses and cysts with chlorine dioxide than with chlorine in the pH range of 6 to 8.5. Unlike

chlorine, studies on chlorine dioxide have shown the degree of inactivation of poliovirus 1 (Scarpino

et al., 1979) and Naegleria gruberi cysts (Chen et al., 1984) increase as the pH increases.

The results of studies on E. coli inactivation are inconclusive. It has been found that the degree of
inactivation by chlorine dioxide increases as pH increases (Bernarde et al., 1967a). However, an
earlier study found that the bactericidal activity of chlorine dioxide was not affected by pH values in
the range of 6.0 to 10.0 (Ridenour and Ingols, 1947). A recent study on Cryptosporidium found that
inactivation of oocysts using chlorine dioxide occurred more rapidly at a pH of 8.0 than 6.0. Ata
similar CT value, the level of inactivation at pH of 8.0 was approximately twice that at a pH of 6.0
(Le Chevallier et al., 1997). Another study found that chlorine dioxide efficacy increases for Giardia
inactivation at higher pH levels and that this may be the result of chemical or physical changes in
Giardia cyst structure rather than pH effects on chlorine dioxide disproportionation (Liyanage et al.,
1997). More research is needed to further clarify how pH impacts the effectiveness of chlorine
dioxide.

4.4.2.2 Temperature
(Ridenour and Ingols, 1947). This finding is supported by the data from Chen et al. (1984) shown in

Figure 4-3 for the inactivation of Naegleria gruberi cysts. The curve shows the CT required to
achieve 99 percent inactivation for temperatures between 5 and 30°C.

Similar to chlorine, the disinfection efficiency of chlorine dioxide decreases as temperature decreases I

In a more recent study, LeChevallier et al. (1997) found that reducing the temperature from 20°C to
10°C reduced the disinfection effectiveness of chlorine dioxide on Cryptosporidium by 40 percent,
which is similar to previous results for Giardia and viruses. Gregory et al. (1998) found that even
under the most favorabie conditions (i.e., at a pH of 8.5), required doses to achieve 2-log
Cryptosporidium inactivation do not appear to be a feasible alternative, requiring doses of more than
3.0 mg/L with a 60 minute detention time. At neutral pH levels, the required doses may be more
than 20 mg/L.
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Figure 4-3. Effect of Temperature on N. Gruberi Cyst Inactivation at pH 7
4.4.2.3 Suspended Matter

Suspended matter and pathogen aggregation affect the disinfection efficiency of chlorine dioxide.
Protection from chlorine dioxide inactivation due to bentonite was determined to be approximately
11 percent for turbidities equal to or less than 5 NTUs and 25 percent for turbidities between 5 and
17 NTUs (Chen et al., 1984).

Laboratory studies of poliovirus 1 preparations containing mostly viral aggregates took 2.7 times
longer to inactivate with chlorine dioxide than single state viruses (Brigano et al., 1978). Chen et al.
(1984) also found that clumps of Naegleria gruberi cysts were more resistant to chlorine dioxide than
unclumped cysts or clumps of smaller size.

4.4.3 Disinfection Efficacy

Several investigations have been made to determine the germicidal efficiency of chlorine dioxide
since its introduction in 1944, as a drinking water disinfectant. Most of the investigations were
carried out as a comparison to chlorine; some studies have compared chlorine dioxide and ozone.
Chloride dioxide is a more effective disinfectant than chlorine but is less effective than ozone.

4.4.3.1 Bacteria Inactivation

Quantitative data were published as early as the 1940s demonstrating the efficacy of chlorine dioxide
as a bactericide. In general, chlorine dioxide has been determined to be equal to or superior to
chlorine on a mass-dose basis. It was demonstrated that even in the presence of suspended matter,
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chlorine dioxide was effective against E. coli and Bacillus anthracoides at dosages in the range of 1
to 5 mg/L (Trakhtman, 1949). Ridenour and Armbruster (1949) reported that an orthotolidine
arsenite (OTA) chlorine dioxide residual of less than 1 mg/L was effective against Eberthella
typhosa, Shigella dysenteriae, and Salmonella paratyphi B. Under similar pH and temperature
slightly greater OTA residuals were required for the inactivation of Pseudomonas aeruginosa and
Staphylococcus aureus.

Chiorine dioxide was shown to be more effective than chlorine at inactivating B. subtilis, B.
mesentericus, and B. megatherium spores (Ridenour et al., 1949). Moreover, chlorine dioxide was
shown to be just as effective or more effective than chlorine at inactivating Salmonella ryphosa and
S. paratyphi (Bedulivich et al., 1954).

In the early 1960s several important contributions were made by Bernarde et al. (1967a and 1967b).
Chlorine dioxide was found to be more effective than chlorine at disinfecting sewage effluent and the
rate of inactivation was found to be rapid.

A comprehensive investigation of chlorine dioxide as disinfectant was performed by Roberts et al.
(1980). The investigation was performed using secondary effluents from three different wastewater
treatment plants. One of the objectives was to determine the relationships between dosages and
contact times and bactericidal efficiency. Dosages were compared for 2, 5, and 10 mg/L of chlorine
dioxide and chlorine. The contact times selected were 5, 15 and 30 minutes. Results of the
investigation are shown in Figure 4-4. As shown, chlorine dioxide demonstrated a more rapid
coliform inactivation than chlorine at the shortest contact time of 5 minutes and higher
concentrations. However, after 30 minutes of contact time, chlorine dioxide was equal or slightly
less efficient than chlorine as a bactericide.

Oliveri et al. (1984) studied the effectiveness of chlorine dioxide (and chlorine) residuals in
inactivating total coliform and f2 coliphage virus in sewage introduced to a water distribution system.
Initial chlorine dioxide residuals between 0.85 and 0.95 mg/L resulted in an average 2.8-log
inactivation of the total coliform and an average 4.4-log inactivation of the f2 coliphage virus, over a
contact time of 240 minutes.

EPA Guidance Manual 4-18 April 1999
Alternative Disinfectants and Oxidants




4. CHLORINE DioxibE

o
z
z |
(O} 2 mg/’!
g J
o
3
2 -__-**—“"_"ﬂlsm I
: >
>
&
2
)
O
O
-
=
x
Ty
ok 1O mag/l
S LEGEND
bd -6 O---0 ClOy
6 —o Cly
frod
-7 2

1
15 30
CONTACT TIME (min)

N

Source: Roberts et al., 1980. .
Figure 4-4. Comparison of Germicidal Efficiency of Chlorine Dioxide and Chlorine

4.4.3.2 Protozoa Inactivation

The disinfection efficiency of chlorine dioxide has been shown to be equal to or greater than chlorine
for Giardia inactivation. Based on a 60 minute contact time, chlorine dioxide doses in the range of
1.5 to 2 mg/L are capable of providing a 3-log Giardia inactivation at 1°C to 25°C and pHs of 6 and
9 (Hofmann et al., 1997). Depending on the temperature and pH, Cryptosporidium has been found to
be 8 to 16 times more resistant to chlorine dioxide than Giardia (Hofmann et al., 1997). Although
some Cryptosporidium oocysts remained viable, one group of researchers found that a 30-minute
contact time with 0.22 mg/L chlorine dioxide could significantly reduce oocyst infectivity (Peeters et
al., 1989). In contrast, other researchers have found that CT values in the range of 60 to

80 mg-min/L were necessary to provide 1- to 1.5-log inactivation (Korich et al., 1990; Ransome et
al., 1993). Finch et al. (1995) reported that the CT values for 1-log inactivation was in the range of
27 to 30 mg-min/L. For 2-log inactivation, the CT value was approximately 40 mg-min/L, and 70
mg-min/L for 3-log inactivation. Finch et al. (1997) found 3-log inactivation of Cryptosporidium
oocysts with initial chlorine dioxide residual concentrations of 2.7 and 3.3 mg/L for contact times of
120 minutes, at pH of 8.0 and a temperature of 22°C.
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Both Chen et al. (1985) and Sproul et al. (1983) have investigated the inactivation of Naegleria ‘
gruberi cysts by chlorine dioxide. Both studies concluded that chlorine dioxide is an excellent

disinfectant against cysts and that chlorine dioxide is better than or equal to chlorine in terms of

inactivation. Chlorine dioxide was found to be superior to chlorine at hi gher pHs. However, the

authors cautioned that the CT required for 2-log inactivation was much higher than normally

employed for water treatment at that time. |

4.4.3.3 Virus Inactivation

Chlorine dioxide has beén shown to be an effective viricide. Laboratory studies have shown that
inactivation efficiency improves when viruses are in a single state rather than clumped. It was
reported in 1946 that chlorine dioxide inactivated Poliomyelitis (Ridenour and Ingols, 1946). This
investigation also showed that chlorine dioxide and free chlorine yielded similar results. Other
studies have verified these findings for poliovirus 1 (Cronier et al., 1978) and Coxsackie virus A9
(Scarpino, 1979). At greater than neutral pHs (where hypochlorite ion is the predominant species)
chlorine dioxide has been found to be superior to chlorine in the inactivation of numerous viruses
such as echovirus 7, coxsackie virus B3, and sendaivirus (Smith and McVey, 1973). Sobsey (1998)
determined CT values based on a study of Hepatitis A virus, strain HM 175. The study found 4-log
inactivation levels are obtainable at CT values of less than 35 at 5°C and less than 10 at a temperature
of 25°C.

4.4.3.4 CT Values ‘

Chlorine dioxide is regarded as a strong disinfectant that is effective at inactivating bacterial, viral,
and protozoan pathogens. CT values for Giardia and virus inactivation are shown in Figure 4-5 and
Figure 4-6, respectively (AWWA, 1991).

CT values shown in Figure 4-5 are based on disinfection studies using in vitro excystation of Giardia
muris. Average CT values for 2 log removal were extrapolated using first order kinetics and
multiplied by a safety factor of 1.5 to obtain the CT values for other log removal CT values. Due to
the limited amount of data available at pH values other than 7, the same CT values are used for all
pHs. Because chlorine dioxide is more effective at a pH 9 than at a pH of 7, the CT values shown in
Figure 4-5 are more conservative for higher pHs than for lower pHs. A lower safety factor was used
to derive the CT values for chlorine dioxide than for ozone due to the fact that the chlorine dioxide
values were derived from Giardia muris studies, which are more resistant than Giardia lamblia.
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Figure 4-5. CT Values for Inactivation of Giardia Cysts by Chlorine Dioxide

CT .values shown in Figure 4-6 were obtained by applying a safety factor 2 to the average CT values
derived from the studies on hepatitis A virus, strain HM 175 (Sobsey, 1988). CT values at
temperatures other than 5°C were derived by applying a twofold decrease for every 10°C increase in
temperature.

Figure 4-7 and Figure 4-8 show the relationship between CT products and log inactivation of
Cryptosporidium at 20 and 10°C, respectively, and pHs of 6 and 8. CT values shown in Figure 4-7
and Figure 4-8 indicate that oocysts were more rapidly inactivated at pH 8 than 6 and that
temperature does impact the disinfection efficiency of chlorine dioxide. Reducing the temperature
from 20 to 10°C reduced the disinfection effectiveness by 40 percent. Finch (1997) is studying
Cryptosporidium inactivation under laboratory conditions using a variety of different disinfectants,
one of which is chloride dioxide.
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Figure 4-6. CT Values for Inactivation of Viruses by Chlorine Dioxide

4.5 Chlorine Dioxide Disinfection Byproducts

Byproducts from the use of chlorine dioxide include chlorite, chlorate, and organic DBPs. This
section discusses the formation of these byproducts and methods to reduce or remove these DBPs.
The use of chlorine dioxide aids in reducing the formation of TTHMs and HAAs by oxidizing
precursors, and by allowing the point of chlorination to be moved farther downstream in the plant
after coagulation, sedimentation, and filtration have reduced the quantity of NOM.

4.5.1 Production of Chlorite énd Chldrate

Chlorite and chlorate are produced in varying ratios as endproducts during chlorine dioxide treatment
and subsequent degradation. The primary factors affecting the concentrations of chlorine dioxide,
chlorite, and chlorate in finished drinking water involve:

o Dosage applied/oxidant demand ratio.

e Blending ratios of sodium chlorite and chlorine during the chlorine dioxide generation
process.

e Exposure of water containing chlorine dioxide to sunlight.
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Figure 4-7. C. parvum Inactivation by Chlorine Dioxide at 20°C
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Figure 4-8. C. parvum Inactivation by Chlorine Dioxide at 10°C
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e Reactions between chlorine and chlorite if free chlorine is used for distribution system
residual maintenance.

o Levels of chlorate in sodium chlorite feedstock.

Incomplete reaction or non-stoichiometric addition of the sodium chlorite and chlorine reactants can
result in unreacted chlorite in the chlorine dioxide feed stream. Dilute chlorine dioxide solutions are
stable under low or zero oxidant-demand conditions. The quantity of chlorate produced during the
chlorine dioxide generation process is greater with excess chlorine addition. Likewise, a low or high
pH can increase the quantity of chlorate during the chlorine dioxide generation process. See Section
4.2, “Generation,” for a detailed discussion of the chemistry of chlorine dioxide generation.

Numerous inorganic and biological materials found in raw water will react with chlorine dioxide
(Noack and Doerr, 1977). Chloride (CI") and chlorite (ClO5’) ions are the dominant degradation
species arising from these reactions, although chlorate (C105") can appear for a variety of reasons
when chlorine dioxide is used (Gordon et al., 1990; Werdehoff and Singer, 1987). The immediate
redox reactions with natural organic matter play the dominant role in decay of chlorine dioxide into
chlorite in drinking water (Werdehoff and Singer, 1987). Chlorite ion is generally the primary
product of chlorine dioxide reduction. The distribution of chlorite and chlorate is influenced by pH
and sunlight. Approximately 50 to 70 percent of the chlorine dioxide consumed by oxidation
reactions is converted to chlorite under conditions typical in water treatment (Rav-Acha et al., 1984;
Werdehoff and Singer, 1987). The application of 2 mg/L chlorine dioxide is expected to produce 1
to 1.4 mg/L of chlorite (Singer, 1992).

Chlorite is relatively stable in the presence of organic material but can be oxidized to chlorate by free
chlorine if added as a secondary disinfectant (Singer and O’Neil, 1987).

ClOy + OCl =ClOy + CTI

Chlorate is therefore produced through the reaction of residual chlorite and free chlorine during
secondary disinfection.

In addition, chlorine dioxide also disproportionates under highly alkaline conditions (pH>9) to
chlorite and chlorate according to the following reaction:

2ClO; + 20H" = ClO7 + ClO5™ + H20

In water treatment processes that require high pH, such as softening, chlorine dioxide should be
added after the pH has been lowered (Aieta et al., 1984).

The occurrence of photochemical decomposition of chlorine dioxide can affect the ultimate
concentrations of chlorine dioxide, chlorite, and chlorate in water treated with chlorine dioxide.
Moreover, generally, sunlight may increase chlorate concentrations in uncovered storage basins
containing water with chlorine dioxide residuals. Exposure to ultraviolet light will also change the
potential reactions between chlorine dioxide and the bromide ion.
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4.5.2 Organic DBPs Produced by Chiorine Dioxide

Chlorine dioxide generally produces few organic DBPs. However, Singer (1992) noted that the
formation of non-halogenated organic byproducts of chlorine dioxide has not been adequately
researched, and expected that chlorine dioxide will produce the same types of oxidation byproducts
that are produced through ozonation. The application of chlorine dioxide does not produce THMs
and produces only a small amount of total organic halide (TOX) (Werdehoff and Singer, 1987).

A study was conducted in 1994 by Richardson et al., to identify semivolatile, organic DBPs produced
by chlorine dioxide treatment in drinking water. Samples were taken from a pilot plant in Evansville,
Indiana that included the following treatment variations:

e Aqueous chlorine dioxide;

e Agqueous chlorine dioxide, ferrous chloride, (FeCl,), chlorine (Cl,), and dual media filtration
(sand and anthracite);

e Gaseous chlorine dioxide; and

e Gaseous chlorine dioxide, ferrous chloride (FeCl,), chlorine (Cl,), and dual media filtration
(sand and anthracite).

Using multispectral identification techniques, more than 40 different DBPs (many at sub-nanogram/L
[ng/L] levels) were identified including carboxylic acids and maleic anhydrides isolated from
XAD™ concentrates, some of which may be regulated in the Stage 2 DBPR. THMs were not found
after chlorine dioxide was added to the water; however, THMs did show up during subsequent
chlorination.

4.5.3 Chlorine Dioxide DBP Control Strategies

EPA recommends that the total concentration of chlorine dioxide, chlorite, and chlorate be less than
1.0 mg/L as Cl, (USEPA, 1983). In addition, chlorine dioxide concentrations exceeding 0.4 to 0.5
mg/L contribute to taste and odor problems (AWWA, 1990). Due to these issues, the use of chlorine
dioxide to provide a disinfectant residual is somewhat limited in moderate to high TOC water. In
low oxidant-demand water, however, ClO, residuals may last several days.

Once formed, chlorate is stable in finished drinking water. No known treatment exists for removing
chlorate once it is formed. However, three strategies (Gallagher et al., 1994) that have been proven
effective for chlorite removal are:

e Adding reduced-sulfur compounds such as sulfur dioxide and sodium sulfite (not
recommended).

e Applying either granular activated carbon (GAC) or powdered activated carbon (PAC).

e Adding reduced iron salts, such as ferrous chloride and ferrous sulfate.
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Chlorite removal from drinking water through sulfur dioxide and other sulfur-based reducing agents ‘
has been reported effective, but not desirable. A study of chlorite removal by sulfur dioxide indicates

that a lower pH level yields higher chlorite removal, and chlorite removal efficiencies increase as the

sulfur dioxide dose increases. Unfortunately, this removal process forms significant levels of

chlorate when sulfur dioxide and metasulfite are utilized. Therefore, it is concluded that treatment

with sulfur dioxide and metasulfite is not desirable for chlorite removal (Dixon and Lee, 1991). In

additjon, sodium thiosulfate results in effective chlorite reduction, but the degree of removal is highly

dependent upon pH and contact time and relatively high dosages are reqliired. Again, this

application of sodium thiosulfate is not desirable because the required dosages are too high (Griese et

al., 1991).

The addition of ferrous iron in drinking water is effective for chlorite removal, with chloride the
expected byproduct. Chlorite reduction occurs quickly in the pH range of 5 to 7, and complete
reduction occurs within 3 to 5 seconds. Excess reduced iron remaining in solution reacts with
dissolved oxygen at neutral pH, but under acidic conditions (pH < 6.5) the stability of the soluble
iron can create aesthetic (staining) problems if excess iron is used. Special consideration should be
given to ferrous iron dosage requirements so that the secondary MCL for iron is not exceeded
(Knocke and Iatrou, 1993).

Chlorite can be controlled by PAC at relatively high dosages (10 to 20 mg/L) and low pHs (5.5 to
6.5). Unless PAC is used for other purposes, such as odor control, it requires large doses and is not
cost effective. PAC brands can differ in their capacity to reduce chlorite.

GAC can remove chlorite but breakthrough may occur relatively early. The removal of chlorite by
GAC appears to be a result of adsorption and chemical reduction (Dixon and Lee, 1991). There is an
initial high removal efficiency due to chlorite adsorption. As the adsorptive sites are occupied,
chemical reduction on the GAC surface becomes the primary removal mechanism. This results in an
initial high removal efficiency. Although chlorite levels exiting the GAC filters are low, the chlorate
levels are high, most likely a result of reactions in the GAC filters between chlorite and free chlorine.
According to studies, the capacity of GAC beds is low, and if free chlorine and chlorite ion are
present in the GAC influent, chlorate ion will form. The most effective way to operate GAC for
chlorite reduction and avoid chlorate is to minimize production run times and have no chlorine
present in the filter. |

4.6 Status of Analytical Methods

In addition to the monitoring requirements that apply regardless of the disinfectant used, the DBPR
requires that water systems that use chlorine dioxide for disinfection or oxidation must also monitor their
system for chlorine dioxide and chlorite.
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4.6.1 Chlorine Dioxide and Chlorite Analytical Methods

For compliance monitoring for chlorine dioxide, systems must use one of the two methods specified in 40
CFR §141.131(c), including (1) DPD, Standard Method 4500-CLO, D, or (2) Amperometric Method II,
Standard Method 4500-CLO, E. Where approved by the state, systems may also measure residual |
disinfectant concentrations for chlorine dioxide by using DPD colorimetric test kits.

For compliance monitoring for chlorite, systems must use one of the three methods specified in 40 CFR
§141.131(b), including (1) Amperometric Titration, Standard Method 4500-CLO; E, 2) Ion
Chromatography, EPA Method 300.0, or (3) Ion CHromatography, EPA Method 300.1. The regulations
specify that Amperometric Titration may be used for routine daily monitoring of chlorite at the entrance
to the distribution system, but that Ion Chromatography must be used for routine, monitoring of chlorate
and monthly additional monitoring of chlorate in the distribution system.

Details of these analytical procedures can be found in:

- Standard Methods for the Examination of Water and Wastewater, 19" Edition, American Public
Health Association, 1995.

- Methods for the Determination of Inorganic Substances in Environmental Samples. USEPA.
1993. EPA/600/R-93/100.

- USEPA Method 300.1, Determination of Inorganic Anions in Drinking Water by Ion
Chromatography, Revision 1.0. USEPA. 1997. EPA/600/R-98/118.

Table 4-3 summarizes the analytical methods approved for use for chlorine dioxide and chlorite and
provides some background information for each method.

4.6.2 Chlorine Dioxide Monitoring for Systems Using Chlorine
Dioxide

For chlorine dioxide monitoring, community, non-transient non-community, and transient non-
community water systems that use chlorine dioxide for disinfection or oxidation, are required to take daily
samples at the entrance to the distribution system. For any daily sample that exceeds the chlorine dioxide
MRDL of 0.8 mg/L, the system must take additional samples in the distribution system the following day
at the locations specified in the DBPR, in addition to the daily sample required at the entrance to the -
distribution system.

Additional sampling is to be performed in one of two ways, depending on the disinfectant that is used to
maintain a disinfectant residual in the distribution system. If chlorine dioxide or chloramines are used to
maintain a disinfectant residual, or if chlorine is used to maintain the residual and there are no disinfection
addition points after the entrance to the distribution system (i.e., no booster chlorination), the system must
" take three samples as close to the first customer as possible, at intervals of at least six hours. If chlorine is
used to maintain a disinfectant residual and there are one or more disinfection addition points after the
entrance to the distribution system, the system must take one sample at each of the following locations:
(1) as close to the first customer as possible, (2) in a location representative of average residence time,
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and (3) as close to the end of the distribution system as possible (reflecting maximum residence time in
the distribution system). Chlorine dioxide monitoring may not be reduced.

If any daily sample taken at the entrance to the distribution system exceeds the MRDL, and on the
following day one (or more) of the three samples taken in the distribution system exceed the MRDL, the
system is in violation of the MRDL. The system must take immediate corrective action to lower the level
of chlorine dioxide below the MRDL, and must notify the public of the acute violation pursuant to 40
CFR §141.32. The system must also report to the State pursuant to 40 CFR §141.134.

If any two consecutive daily samples taken at the entrance to the distribution system exceed the MRDL,
the system is also in violation of the MRDL and must notify the public of the non-acute violation
pursuant to 40 CFR §141.32. The system must also report to the State pursuant to 40 CFR §141.134.

4.6.3 Chlorite Monitoring for Systems Using Chiorine Dioxide

For chlorite monitoring, community and non-transient non-community water systems that use chlorine
dioxide for disinfection or oxidation are required to take daily samples at the entrance to the distribution
system. For any daily sample that exceeds the chlorite MCL of 1.0 mg/L, the system must take additional
samples in the distribution system the following day at the locations specified in the DBPR. These
additional samples are to be collected at: (1) a location as close to the first customer as possible, (2) a
location representative of average residence time, and (3) a location as close to the end of the distribution
system as possible (reflecting maximum residence time in the distribution system).

In addition, systems using chlorine dioxide must take a three-sample set each month in the distribution
system similar to the three locations required if the chlorite MCL is exceeded in the sample collected at
the entrance to the distribution system. Specifically, these three-sample sets are to be collected: (1) in a
location near the first customer, (2) in a location representative of average residence time, and (3) at a
location reflecting maximum residence time in the distribution system. Any additional routine sampling
must be conducted in the same three-sample sets at the specified locations. This monthly sampling
requirement may be reduced to quarterly after one year of monitoring where: (1) no individual chlorite
sample taken in the distribution system has exceeded the MCL and (2) the system has not been required to
conduct follow-up monitoring as a result of a daily sample collected at the entrance to the distribution
system. These systems can remain on an annual schedule until either the daily sample or any of the three
individual quarterly samples exceed the MCL, at which time, the system must revert to monthly
monitoring.

If the arithmetic average of any three-sample set exceeds the chlorite MCL of 1.0 mg/L, the system is in
violation of the MCL and must notify the public pursuant to 40 CFR §141.32, in addition to reporting to
the State pursuant to 40 CFR §141.134.

4.7 Operational Considerations

As with all disinfectant selections, the primacy agency should be consulted when selecting
disinfectants. Certain states have their own operational, maintenance, and monitoring requirements
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water systems, according to Merkle et al., 1997. Also, in Texas, the Texas Natural Resources
Conservation Commission (TNRCC) requires the public water supply to sign a bilateral agreement
which outlines a detailed operator qualifications requirement, testing methods, and procedures,
monitoring locations, testing frequency and reporting procedures. The chlorine dioxide
concentration leaving the water treatment plant must be less than 0.8 mg/L and the chlorite
concentration in the distribution system must be less than 1.0 mg/L.

‘ for the application of chlorine dioxide. California prohibits the use of chlorine dioxide in ground

State requirements must be reviewed to determine the cost-effectiveness of utilizing chlorine dioxide
as part of the overall water treatment scheme. Analytical testing and reporting requirements may
have significant labor and cost impacts.
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Table 4-3. Analytical Methods for Chlorine Dioxide and Related Compounds

Method Basis Interferences Limits
DPD as Test Kits Colored oxidation product. Mnzt, other Cla, related "> 0.1 mglL
Colorimetric Use of color comparatorisnot ~ oxidants.
(SM-4500-Cl02.G) recommended. Use instrument
detection.
DPD-glycine Method Colored product, free Clz is ClOz slowly; other oxidants. >0.1 mg/L
Colorimetric masked with glycine as
(SM 4500- Ci02D) chloraminacetic acid.
DPD-FAS DPD color titration with standard  Iron, other oxidants. > 0.1 mg/L
Titrimetric method FAS until red color is
(SM 4500- Cl02.D) discharged.
5-Step Amperometric I oxidation; pH control and gas  Suitable for CIO2 generated ~ PQL CIOz:
Method 4500-ClO2.E purging steps. Skilled analyst solution. 0.1-0.0.5 mgiL,;
needed. Low levels not okay. ClOs at 0.5 mg/L
Jon Chromatography Must use AS9 column, ext. No other oxidants. ~0.05 mg/L
(EPA Method 300.0 0r 300.1)  standards & suppression. Chloramines, ClOz; OCI- &
Conductivity HOCL undetectable.
Two-step Amperometric I Oxidation; pH control. Cuz+, Mnz2+, NOz > 0.1 mg/l,
Method 4500-CIO2.E Amendable to operator-based ~ Accounts for free Clz, NHzCl, not ClOg

dosage control. ClOz" species.

Practical method.

Source: Gates, 1998.
Notes: SM = Standard Methods

4.7.1 Process Considerations

The basic components of chlorine dioxide generation systems include:

e Aqueous hypochlorite solution storage and feed system;

e Sodium chlorite storage and feed system;

» Acid storage and feed system (for Direct-Acidification generators);
e Chlorine storage and feed system;

e Chlorine dioxide generator; and

» Chlorine dioxide feed piping and dispersion equipment.

Sodium chlorite storage and feed systems are basically liquid systems that consist of a storage tank(s)
and solution feed pumps. Outside storage of 25 percent solutions (or greater) of sodium chlorite is
not recommended in cold climates since stratification may occur below 4°C (40°F). Any ice
formation may also damage the storage tanks. In some cases, storage might be separated into bulk
tanks and smaller operational or day tanks that are filled periodically. Storage of dark drums for long
periods in hot climates should be avoided since sodium chlorite decomposition will occur. In the
storage area, light fixtures, switches, wiring, and conduit runs should be located to avoid the risk of
sodium chlorite spilling on them.
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4.7.2 Generator Operation

A manual chlorine dioxide feed system may be used where the chlorine dioxide dose remains fairly
constant. The reagent chemicals are manually set for the desired chlorine dioxide capacity at a ratio
of chemicals optimized for maximum chlorine dioxide yield. Some generating systems can produce
95 percent pure chlorine dioxide solutions at full design capacity, but purity can vary when the feed
rate is changed. Turndown capacity may be limited by precision of the flow metering devices,
typically 20 percent of rate capacity. Purity can vary when the feed rate is changed significantly.
Feed water alkalinity, operating conditions, and pH also can affect yield. The ratio of reagent
chemicals should be routinely adjusted for optimum operation. Chlorine dioxide generators can be
provided with automated control to provide modulation of chlorine dioxide feed rates based upon
changes in flow (flow paced) and chlorine dioxide demand (residual control). The automatic
modulation of the generators to meet a demand setpoint varies with manufacturer. Generally,
vacuum and combination systems are limited by the hydraulic requirements of the venturi and the
optimum reaction conditions for chlorine dioxide generation. A chemical metering pump or injector
system is then used with a batch production system to control the applied dose of chlorine dioxide.

4.7.3 Feed Chemicals

Chlorine dioxide is generated when sodium chlorite is either oxidized or acidified, or both, under

_controlled pH and temperature conditions. Commonly, solutions of 25 percent active sodium chlorite
or less are used in chlorine dioxide generators. The major safety concern for solutions of sodium
chlorite is the unintentional and uncontrollable release of high levels of chlorine dioxide. Such levels
may approach detonation or conflagration concentrations by accidental acidification. '

The feedstock acid used by some of the generators is only one source of accidental chemical
acidification. Accidental mixing with large amounts of any reducing agent or oxidizable material
(such as powdered activated carbon or flammable solvents) also represents a significant hazard. The
AWWA Standard B303-95 (a) includes an outline of some of these materials (AWWA, 1995).

Another concern when handling and storing sodium chlorite solutions is crystallization, which occurs
as a result of lower temperatures and/or higher concentrations. Crystallization will plug pipelines,
valves, and other equipment. Sodium chlorite solution should not be allowed to evaporate to a
powder. If dried, this product becomes a fire hazard and can ignite in contact with combustible
materials. A sodium chlorite fire may result in a steam explosion if too much water and
inappropriate fire-fighting techniques are used to quench such a fire. As the temperature of burning
sodium chlorite is around 2200°C, water quickly turns to steam. Because thermal breakdown
products of sodium chlorite at high temperatures include molecular oxygen, appropriate techniques
are required to correctly extinguish closed containers or large amounts of dry material that has been
ignited.

Stratification of sodium chlorite in holding tanks may also occur and would influence the chlorine
dioxide yield. If stratification occurs in the bulk tank, sodium chlorite changes from high density to
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low density as it is fed. The density will continue to change until the material is re-mixed. In ‘
stratified tanks, excess chlorite would be fed to the generator since the bottom of the tank will have

denser material, and this material would have more chlorite than required. Similarly, the bulk tank

would later discharge too little chlorite.

Although infrequent, such stratification is not readily apparent and may likely remain unnoticed by
operations unless the generator performance is evaluated frequently. If stratification or
crystallization occurs in bulk delivery trucks, the entire content should be warmed prior to delivery
so that the sodium chlorite is re-mixed. Operators should be aware of the possibility of stratification
and crystallization during delivery conditions.

Sodium chlorite is commercially available as a 38 percent or 25 percent solution. Chemical and
physical properties are given in Table 4-4.

Table 4-4. Properties of Sodium Chlorite as Commercially Available

38% Solution* 25% Solution*
Sodium Chlorite, (%) NaClOz 38 25
Sodium Chloride, (%) NaCl 1.5-7.5 1-4.5
Inert Ingredients, mixture of other sodium salts (%) 3-4 3-4
Water (%) 55-61 68-74
Appearance ) Slightly cloudy, pale Clear, pale yellow
yellow
Density @ 35°C (Ib/gal), typical 114 10.1
Crystallization Point (°C) 25 -7

* Source: Vulcan Chemicals

For systems handlmg the 38 percent solution, storage tanks, piping and pumps will require a heated
enclosure, or heat tracing and insulation. The 25 percent solutlon may not require any special
protection except in cold chmates

The ideal producnon of 1.0 pound ofchlorine dioxide requires 0.5 pounds of chlorine and 1.34
pounds of pure sodlum chlorite. Chlorine gas is available as a nearly 100 percent pure chemical on a
weight basis. Gas flow metering devices are typically limited to +/- 5 percent accuracy at full rated
capacity. For example, a 100 pound per day flow tube would allow between 20 and 30 pounds of
chlorine to flow if set at 25 pounds per day (i.e., 25 +/- 5 percent of maximum flow capacity).
Sodium chlorite is supplied commercially as a pre-mixed aqueous solution of various strengths. The
25 percent solution is the most commonly used grade for potable water treatment.

Pure chlorine dioxide solutions (very dark amber and oily in appearance) are very dangerous and are
likely to detonate if exposed to oxidizable materials or vapors, or even to bright lights. They are
extremely uncommon except perhaps in very specific laboratory setup systems using concentrated
sodium chlorite and concentrated acid mixtures. Such laboratory generation methods are not
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recommended for the uninitiated laboratory analyst or operator. Inexperienced personnel should not
mix strong acid and strong sodium chlorite solutions together unless they are familiar with the-
purgeable extraction methods for sodium chlorite and have a safely designed setup under a fume
hood.

4.8 Summary

4.8.1 Advantages and Disadvantages of Chlorine Dioxide Use

The following list highlights selected advantages and disadvantages of using chlorine dioxide as a
disinfection method for drinking water (Masschelein, 1992; DeMers and Renner, 1992, Gallagher et
al., 1994). Because of the wide variation of system size, water quality, and dosages applied, some of
these advantages and disadvantages may not apply to a particular system.

Advantages

« Chlorine dioxide is more effective than chlorine and chloramines for inactivation of viruses,
Cryptosporidium, and Giardia.

e  Chlorine dioxide oxidizes iron, manganese, and sulfides.

o  Chlorine dioxide may enhance the clarification process.

e  Taste and odors resulting from algae and decaying vegetation, as well as phenolic compounds, are
controlled by chlorine dioxide. ) o

«  Under proper generation conditions (i.e., no excess chlorine), halogen-substituted DBPs are not

formed.
e Chlorine dioxide is easy to generate.

« Biocidal properties are not influenced by pH.
o  Chlorine dioxide provides residuals.

Disadvantages

e The chlorine dioxide process forms the specific byproducts chlorite and chlorate.

Generator efficiency and optimization difficulty can cause excess chlorine to be fed at the application
point, which can potentially form halogen-substitute DBPs.

Costs associated with training, sampling, and laboratory testing for chlorite and chlorate are high.
Equipment is typically rented, and the cost of the sodium chlorite is high.

Measuring chlorine dioxide gas is explosive, so it must be generated on-site.

Chlorine dioxide decomposes in sunlight.

Chlorine dioxide must be made on-site.

Can lead to production noxious odors in some systems.

*® o o o & o
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4.8.2 Summary Table

Table 4-5 summarizes considerations and descriptions for chlorine dioxide use.

Table 4-5. Summary for Chlorine Dioxide

Consideration Description

Generation Chlorine dioxide must be generated on-site. In most potable water applications, chlorine
dioxide is generated as needed and directly educed or injected into a diluting stream.
Generators are available that utilize sodium chlorite and a variety of feedstocks such as
Cl2 gas, sodium hypochiorite, and sulfuric or hydrochloric acid. Small samples of
generated solutions, up to 1 percent (10 g/L) chlorine dioxide can be safely stored if the

“ solution is protected from light, chilled (<5°C), and has no unventilated headspace.

Primary Uses Chlorine dioxide is utilized as a primary or secondary disinfectant, for taste and odor
control, TTHM/HAA reduction, Fe and Mn control, color removal, sulfide and phenol
destruction, and Zebra mussel control.

Inactivation Efficiency Chlorine dioxide rapidly inactivates most microorganisms over a wide pH range. itis
more effective than chlorine (for pathogens other than viruses) and is not pH dependent
between pH 5-10, but is less effective than ozone.

Byproducts Formation When added to water, chlorine dioxide reacts with many organic and inorganic

‘ compounds. The reactions produce chlorite and chlorate as endproducts {compounds
that are suspected of causing hemolytic anemia and other health effects). Chlorate ion
is formed predominantly in downstream reactions between residual chlorite and free
chlorine when used as the distribution system disinfectant. Chlorine dioxide does not
produce THMs. The use of chlorine dioxide aids in reducing the formation of TTHMs ‘
and HAAs by oxidizing precursors, and by allowing the point of chlorination to be moved
farther downstream in the plant after coagulation, sedimentation, and filtration have
reduced the quantity of NOM.

Point of Application In conventional treatment plants, chlorine dioxide used for oxidation is fed either in the

_raw water, in the sedimentation basins, or following sedimentation. To limit the oxidant
demand, and therefore chlorine dioxide dose and the formation of chiorite, it is common
to add chlorine dioxide following sedimentation. Concerns about possible taste and odor
complaints have limited the use of-chlorine dioxide to provide a disinfectant residual in
the distribution system. Consequently, public water suppliers that are considering the
use of chlorine dioxide for oxidation and primary disinfectant applications may want to
consider chloramines for secondary disinfection.

Special Considerations An oxidant demand study should be completed to determine an approximate chlorine
dioxide dosage to obtain the required CT value as a disinfectant. In addition to the toxic
effects of chlorine, chlorine dioxide gas is explosive at levels > 10% in air. The chlorine
dioxide dosage cannot exceed 1.4 mg/L to limit the total combined concentration of
Cl02, Ci02-, Cl03-, to a maximum of 1.0 mg/L. Under the proposed DBP regulations,
the MRDL for chlorine dioxide is 0.8 mg/L and the MCL for chlorite is 1.0 mg/L.

Regulations concerning the use of chlorine dioxide vary from state-to-state.
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5. POTASSIUM PERMANGANATE

Potassium permanganate (KMnOy) is used primarily to control taste and odors, remove color, control
biological growth in treatment plants, and remove iron and manganese. In a secondary role,
potassium permanganate may be useful in controlling the formation of THMs and other DBPs by
oxidizing precursors and reducing the demand for other disinfectants (Hazen and Sawyer, 1992).
The mechanism of reduced DBPs may be as simple as moving the point of chlorine application
further downstream in the treatment train using potassium permanganate to control taste and odors,
color, algae, etc. instead of chlorine. Although potassium permanganate has many potential uses as
an oxidant, it is a poor disinfectant.

5.1 Potassium Permanganate Chemistry
5.1.1 Oxidation Potential

Potassium permanganate is highly reactive under conditions found in the water industry. It will
oxidize a wide variety of inorganic and organic substances. Potassium permanganate (Mn 7+) is
reduced to manganese dioxide (MnO,) (Mn 4+) which precipitates out of solution (Hazen and
Sawyer, 1992). All reactions are exothermic. Under acidic conditions the oxidation half-reactions
are (CRC, 1990):

MnOy + 4H' + 3e > MnO, + 2H>0 E’°=1.68V

MnOy + 8H' + 5¢> Mn** + 4H,0 . E’=151V -
Under alkaline conditions, the half-reaction is (CRC, 1990):

MnOy + 2H>0 + 3¢” > MnO; + 40H" ' E’ =0.60V

Reaction rates for the oxidation of constituents found in natural waters are relatively fast and depend
on temperature, pH, and dosage.

5.1.2 Ability To Form a Residual

It is not desirable to maintain a residual of KMnO, because of its tendency to give water a pink color.

5.2 Generation

Potassium permanganate is only supplied in dry form. A concentrated KMnO, solution (typically 1
to 4 percent) is generated on-site for water treatment applications; the solution is pink or purple in
color. KMnO, has a bulk density of approximately 100 Ib/ft’ and its solubility in water is 6.4 g/mL
at 20°C. -
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Depending on the amount of permanganate required, these solutions can be made up in batch modes,
using dissolver/storage tanks with mixers and a metering pump for small feed systems. Larger
systems will include a dry chemical feeder, storage hopper and dust collector conﬁgured to
automatically supply permanganate to the solution dissolver/storage tank.

KMnO, solution is made up of dry crystalline permanganate solids added to make-up water and then
stirred to obtain the desired permanganate concentration. The cost of KMnO, ranges from $1.50 to
$2.00 per pound (1997 costs), depending on the quantity ordered. Shipment containers are typically
buckets or drums. Potassium permanganate is supplied in various grades. Pure KMnOy is non-
hygroscopic but technical grades will absorb some moisture and will have a tendency to cake
together. For systems using dry chemical feeders, a free-flowing grade is available that contams anti-
caking additives (Hazen and Sawyer, 1992).

Potassium permanganate is a strong oxidizer and should be carefully handled when preparing the
feed solution. No byproducts are generated from making the solution. However, this dark

purple/black crystalline solid can cause serious eye injury, is a skin and inhalation irritant, and can be |

fatal if swallowed. As such, special handling procedures include the use of safety goggles and a face
shield, an MSA™/NIOSH approved dust mask, and wearing impervious gloves, coveralls, and boots
to minimize skin contact.

5.3 Primary Uses and Points of Application

Although potassium permanganate can inactivate various bacteria and viruses, it is not used as a
primary or secondary disinfectant when applied at commonly used treatment levels. Potassium
permanganate levels that may be required to obtain primary or secondary disinfection could be cost
prohibitive. However, potassium permanganate is used in drinking water treatment to achieve a
variety of other purposes including:

e Oxidation of iron and manganese;
e Oxidation of taste and odor compound;
s Control of nuisance organisms; and

e Control of DBP formation.

5.3.1 Primary Uses

5.3.1.1 Iron and Manganese Oxidation

A primary use of permanganate is iron and manganese removal. Permanganate will oxidize iron and
manganese to convert ferrous (2+) iron into the ferric (3+) state and 2+ manganese to the 4+ state.
The oxidized forms will precipitate as ferric hydroxide and manganese hydroxide (AWWA, 1991).
The precise chemical composition of the precipitate will depend on the nature of the water,
temperature, and pH.
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The classic reactions for the oxidation of iron and manganese are:
3Fe®* + KMnO; + TH,0 = 3Fe(OH)s35) + MnOy) + K* + 5HY
3Mn** + 2KMnO, + 2H,0 2 5MnOy + 2K + 4H*

These reactions show that alkalinity is consumed through acid production at the rate of 1.49 mg/L as
CaCO; per mg/L of Fe*? and 1.21 mg/L as CaCOs per mg/L of Mn*? oxidized. This consumption of
alkalinity should be considered when permanganate treatment is used along with alum coagulation,
which also requires alkalinity to form precipitates.

The potassium permanganate dose required for oxidation is 0.94 mg/mg iron and 1.92 mg/mg
manganese (Culp/Wesner/Culp, 1986). In practice, the actual amount of potassium permanganate
used has been found to be less than that indicated by stoichiometry. It is thought that this is because
of the catalytic influence of MnO, on the reactions (O’Connell, 1978). The oxidation time ranges
from 5 to 10 minutes, provided that the pH is over 7.0 (Kawamura, 1991).

5.3.1.2 Oxidation of Taste and Odor Compounds

Potassium permanganate is used to remove taste and odor causing compounds. Lalezary et al. (1986)
used permanganate to treat earthy-musty smelling compounds in drinking water. Doses of potassium
~ permanganate used to treat taste and odor causing compounds range from 0.25 to 20 mg/L.

5.3.1.3 Control of Nuisance Organisms
Asiatic Clams |

Cameron et al. (1989) investigated the effectiveness of potassium permanganate to control the
Asiatic clam in both the juvenile and adult phases. The adult Asiatic clam was found to be much
more resistant to permanganate than the juvenile form. Potassium permanganate doses used to
control the juvenile Asiatic clam range from 1.1 to 4.8 mg/L.

Zebra Mussels

Klerks and Fraleigh (1991) evaluated the effectiveness of permanganate against adult zebra mussels.
Continuous potassium permanganate dosing of 0.5 to 2.5 mg/L proved to be the most effective.

5.3.1.4 DBP Control

It is anticipated that potassium permanganate may play a role in disinfection and DBP control
strategies in water treatment. Potassium permanganate could be used to oxidize organic precursors at
the head of the treatment plant minimizing the formation of byproducts at the downstream
disinfection stage of the plant (Hazen and Sawyer, 1992). Test results from a study conducted at two
water treatment plants in North Carolina (Section 5.5.1) showed that pretreatment with permanganate
reduced chloroform formation; however, the reduction was small at doses typically used at water
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treatment plants. The study also indicated that pre-oxidation with permanganate had no net effect on
the chlorine demand of the water (Singer et al., 1980).

5.3.2 Points of Application

In conventional treatment plants, potassium permanganate solution is added to the raw water intake,
at the rapid mix tank in conjunction with coagulants, or at clarifiers upstream of filters. In direct
filtration plants, this oxidant is typically added at the raw water intake to increase the contact time
upstream of the filter units (Montgomery, 1985). In all cases, potassium permanganate is added prior
to filtration.

Potassium permanganate solution is typically pumped from the concentrated solution tank to the
injection point. If the injection point is a pipeline, a standard injection nozzle protruding midway
into the pipe section is used. Injection nozzles can also be used to supply the solution to mixing
chambers and clarifiers. Permanganate is a reactive, fast-acting oxidizer and does not require special
mixing equipment at the point of injection to be effective.

5.3.2.1 Impact on Other Tréétment Processes

The use of potassium permanganate has little impact on other treatment processes at the water
treatment facility. See Section 5.7 for permanganate operational considerations.

5.4 Pathogen Inactivation and Disinfection Efficacy

Potassium permanganate is an oxidizing agent widely used throughout the water industry. While it is
not considered a primary disinfectant, potassium permanganate has an effect on the development of a
disinfection strategy by serving as an alternative to pre-chlorination or other oxidants at locations in a
treatment plant where chemical oxidation is desired for control of color, taste and odor, and algae.

5.4.1 Inactivation Mechanisms

The primary mode of pathogen inactivation by potassium permanganate is direct oxidation of cell
material or specific enzyme destruction (Webber and Posselt, 1972). In the same fashion, the
permanganate ion (MnOy’) attacks a wide range of microorganisms such as bacteria, f‘ungi,‘ viruses,
and algae.

Application of potassium permanganate results in the precipitation of manganese dioxide. This
mechanism represents an additional method for the removal of microorganisms from potable water
(Cleasby et al., 1964). In colloidal form, the manganese dioxide precipitant has an outer layer of
exposed OH groups. These groups are capable of adsorbing charged species and particles in addition
to neutral molecules (Posselt et al., 1967). As the precipitant is formed, microorganisms can be
adsorbed into the colloids and settled.

EPA Guidance Manual 5-4 April 1999
Alternative Disinfectants and Oxidants




5. POTASSIUM PERMANGANATE

5.4.2 Environmental Effects

Inactivation efficiency depends upon the permanganate concentration, contact time, temperature, pH,
and presence of other oxidizable material. Several of the key parameters are discussed below.

5421 pH

Alkaline conditions enhance the capability of potassium permanganate to oxidize organic matter;
however, the opposite is true for its disinfecting power. Typically, potassium permanganate is a
better biocide under acidic conditions than under alkaline conditions (Cleasby et al., 1964 and
Wagner, 1951). Results from a study conducted in 1964 indicated that permanganate generally was a
more effective biocide for E. coli at lower pHs, exhibiting more than a 2-log removal at a pH of 5.9
and a water temperature of both 0 and 20°C (Cleasby et al., 1964). In fact, Cleasby found that pH is
the major factor affecting disinfection effectiveness with potassium permanganate. As such, natural
waters with pH values of 5.9 or less would be conducive to potassium permanganate disinfection,
particularly as a substitute for prechlorination. Moreover a study conducted at the University of
Arizona found that potassium permanganate will inactivate Legionella pneumophila more rapidly at
pH 6.0 than at pH 8.0 (Yahya et al., 1990a). '

These results are consistent with earlier results concerning the effects of pH on commercial antiseptic
performance (Hazen and Sawyer, 1992). In general, based on the limited results from these studies,
disinfection effectiveness of potassium permanganate increases with decreasing pH.

5.4.2.2 Temperature

Higher temperatures slightly enhance bactericidal action of potassium permanganate. The results
from a study conducted on polio virus showed that oxidation deactivation is enhanced by higher
temperatures (Lund, 1963). These results are consistent with results obtained for E. coli. inactivation
(Cleasby et al., 1964).

5.4.2.3 Dissolved Organics and Inorganics -

The presence of oxidizable organics or inorganics in the water reduces the disinfection effectiveness
of this disinfectant because some of the applied potassium permanganate will be consumed in the
oxidation of organics and inorganics. Permanganate oxidizes a wide variety of inorganic and organic
substances in the pH range of 4 to 9. Under typical water conditions, iron and manganese are
oxidized and precipitated and most contaminants that cause odors and tastes, such as phenols and
algae, are readily degraded by permanganate (Hazen and Sawyer, 1992).

5.4.3 Use as a Disinfectant

A number of investigations have been performed to determine the relative capability of potassium
permanganate as a disinfectant. The following sections contain a description of the disinfection
efficiency of potassium permanganate in regards to bacteria, virus, and protozoa inactivation.
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5,4,.3.1 Bacteria Inactivation | I

High dosage rates were required to accomplish complete inactivation of bacteria in three studies.
Early research showed that a dose of 2.5 mg/L was required for complete inactivation of coliform
bacteria (Le Strat, 1944). In this study, water from the Marne River was dosed with potassium
permanganate at concentrations of 0 to 2.5 mg/L. Following mixing, the samples were placed in a
darkened room for 2 hours at a constant temperature of 19.8°C. |

Banerjea (1950) investigated the disinfectant ability of potassium permanganate on several
waterborne pathogenic microorganisms The investigation studied Vibrio cholerae, Salm. typhi, and
Bact. flexner. The results indicated that doses of 20 mg/L. and contact times of 24 hours were
necessary to deactivate these pathogens; however, even under these conditions the complete absence
of Salm. typhi or Bact. flexner was not assured, even at a potassium permanganate concentration that
turned the water an objectlonable pink color.

Results from a study conducted in 1976 at the Las Vegas Valley Water District/Southern Nevada
System of Lake Mead water showed that complete removal of coliform bacteria were accomplished
at doses of 1, 2, 3, 4, 5, and 6 mg/L (Hazen and Sawyer, 1992). Contact times of 30 minutes were
provided with doses of 1 and 2 mg/L, and 10 minutes contact times were provided for higher dosages
in this study. |

5.,4.3.2 Virus Inactivatien

Potassium permanganate has been proven effective against certain viruses. A dose of 50 mg/L of
potassium permanganate and a contact time of 2 hours was required for inactivation of poliovirus
(strain MVA) (Hazen and Sawyer, 1992). A “potassium” permanganate dose of 5.0 mg/L and a
contact time of 33 minutes was needed for 1-log inactivation of type 1 poliovirus (Yahya et al.,
1990b). Tests showed a significantly higher inactivation rate at 23°C than at 7°C; however, there was
no significant difference in activation rates at pH 6.0 and pH 8.0. |

Potassium permanganate doses from 0.5 to 5 mg/L were capable of obtaining at least a 2 log
inactivation of the surrogate virus, MS-2 bacteriophage with E. coli as the host bacterium (Yahya et
al., 1989). Results showed that at pH 6.0 and 8.0, a 2-log inactivation occurred after a contact time
of at least 52 minutes and a residual of 0.5 mg/L. At a residual of 5.0 mg/L, approximately 7 and 13
minutes were required for 2-log inactivation at pHs of 8.0 and 6.0, respectively. These results
contradict the previously cited studies that potassium permanganate becomes more effective as the
pH decreases.

5.4.3.3 Protozoa Inactivation

No information pertaining to protozoa inactivation by potassium permanganate is available in the
literature. However, based on the other disinfectants discussed in this report, protozoa are
significantly more resistant than viruses; therefore, it is likely that the dosages and contact times
required for protozoa inactivation would be impractical.
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5.4.3.4 CT Curves

Table 5-1 shows CT values for the inactivation of bacteriophage MS-2. These data have been
provided as an indication of the potential of potassium permanganate. These values are somewhat
inconsistent and do not include a safety factor and should not be used to establish CT requirements.

Table 5-1. Potassium Permanganate CT Values for 2-log Inactivation of
MS-2 Bacteriophage

Residual pH 6.0 ‘pH 8.0
(mg/L) (mgmin/L) {mg min /L)
0.5 274 (a) 26.1 (a)
1.5 32.0(a) 50.9 (b)

2 - 53.5 (c)
5 63.8 (a) 35.5 (c)

Source: USEPA, 1990.
Note: ' Letters indicate different experimental conditions.

A 1990 study investigated CT values for Legionella pneumophila inactivation. CT values for 99
percent (2-log) inactivation of Legionella pneumophila at pH 6.0 were determined to be 42.7 mg
min/L at a dose of 1.0 mg/L (contact time 42.7 minutes) and 41.0 mg min/L at a dose of 5.0 mg/L
(contact time 8.2 minutes) (Yahya et al., 1990a).

5.5 Disinfection Byproduct Formation

No literature is available that specifically addressed DBPs when using potassium permanganate.
However, several studies have been conducted with water treatment plants that have replaced the pre-
chlorination process with potassium permanganate and relocated the point of chlorine addition for
post-treatment disinfection. Pretreatment with permanganate in combination with post-treatment
chlorination will typically result in lower DBP concentrations than would otherwise occur from
traditional pre-chlorination (Ficek and Boll, 1980; and Singer et al., 1980). Under this approach,
potassium permanganate serves as a substitute for chlorine to achieve oxidation and may also reduce
the concentration of natural organic matter (NOM). However, systems should evaluate the impact on
CT values before moving the point of chlorination. The following subsections summarize the
outcomes of two studies.

5.5.1 Chapel-Hill and Durham, North Carolina Water Treatment
Plants

An investigation was conducted at the Chapel-Hill and Durham Water Treatment Plants to evaluate
the effects of potassium permanganate pretreatment on trihalomethane formation (Singer et al.,
1980). The Chapel-Hill Water Treatment Plant uses pre-chlorination prior to the rapid mix tank. At
the Durham Water Treatment Plant, chlorine is not added until after the sedimentation basin prior to
the filtration. Both are surface water treatment plants, treating water with low concentrations of
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alkalinity. Both sources of water are known to have high trihalomethane formation potentials
(Young and Singer, 1979).

Raw water samples taken from Chapel-Hill were found to contain relatively high turbidities, ranging
from 46 to 110 NTU and total organic carbon (TOC) concentrations ranging from 5.6 to 8.9 mg/L.
The Durham samples were coagulated then allowed to settle, which resulted in better water quality
than the Chapel-Hill samples. Following settling, this sample had a turbidity of 6.4 NTU and a TOC
of 2.9 mg/L. Sulfuric acid and sodium hydroxide were used to adjust the sample pH to either 6.5 or
10.3. These pH values were selected because they encompass the pH range typically found in
surface water coagulation-filtration and lime-softening treatment plants.

Potassium permanganaie doses of 2 and 5 mg/L were found to be totally consumed within 1 and 4
hours, respectively, by the Chapel-Hill samples. At doses of 2 and 5 mg/L, the potassium
permanganate demand of the Durham samples after 4 hours were approximately 1.3 and 1.8 mg/L,
respectively.

This difference in permanganate demands between the Chapel-Hill and Durham samples may be
attributed to the water quality of the samples, in particular the TOC concentrations. TOC
measurements before and after the application of permanganate were approximately equal; however,
it is likely that the TOC after disinfection was at a higher oxidation state. Results of this study also
showed that permanganate is more reactive as an oxidant at higher pH values.

Despite the high degree of permanganate consumption, the reaction of permanganate appears to have
relatively little effect on chlorine demands. For example, consumption of 6 mg/L of permanganate
resulted in a chlorine demand reduction of approximately 1 mg/L. This observation suggests that
permanganate reacts with water impurities in a different manner, or at different sites, than chlorine.
One other possible explanation is that permanganate oxidizes certain organic substances, thereby
eliminating their chlorine demand and only partially oxidizing other organic substances making them
more reactive to chlorine. |

Both the Chapel-Hill and Durham samples were tested for their chloroform formation potential. This
measurement is based on the amount of chloroform produced after seven days. The potential of the
Durham sample was reduced by 30 and 40 percent at pH 6.5 and 10.3, respectively, as a result of the
application of 10 mg/L of potassium permanganate for a period of 2 hours.” Similar results were
obtained for the Chapel-Hill samples; however, the results at pH 6.5 did not show a reduction in
chloroform formation potential at low doses. ‘

Two experiments were conducted on Chapel-Hill raw water to further explore the effects of low
doses of permanganate. The results indicated that permanganate has no effect on chloroform
production at doses up to 1 mg/L. At higher doses, chloroform formation potentials were reduced.

In summary, the key results obtained from the studies conducted at the Chapel-Hill and Durham
Water treatment plants were:
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e The reactivity of permanganate is a function of pH, permanganate dose, and raw water
‘ quality.
e Permanganate reduces chloroform formation potentials. The reduction in the chloroform
formation potential is proportional to the amount of permanganate available after the initial

demand is overcome. Doses up to 1 mg/L were found to have no effect on chloroform
formation potentials.

e At pretreatment doses typically employed at water treatment plants, the effect of
permanganate on the overall chloroform production is relatively small. If permanganate is to
be used specifically to reduce trihalomethane formation, larger doses will be required.
However, one advantage for using permanganate for pretreatment is that the point of
application of chlorine can be shifted downstream of the sedimentation basins. This is likely
to result in fewer trihalomethane compounds.

5.5.2 American Water Works Association Research Foundation
TTHM Study

Another investigation examined the impacts of potassium permanganate addition on byproduct
formation at four water treatment plants (Ficek and Boll, 1980). All were conventional plants using
- pre-chlorination in the treatment process. Plant design capacities ranged from 4.5 to 15 mgd.
Process modifications were made at each plant to replace the pre-chlorination facilities with
oxidation facilities for potassium permanganate addition. After the modifications were complete, an
. AWWAREF research team conducted a study to determine the impact of potassium permanganate
addition on total trihalomethane (TTHM) concentrations (George et al., 1990).

Prior to switching from pre-chlorination to pre-oxidation with potassium permanganate, average
daily TTHM concentrations at all four plants were between 79 and 99 ug/L.. The average TTHM
concentration for all four plants was 92 pg/L.. Following the conversion to potassium permanganate,
three of the four plants experienced greater than 30 percent reduction in TTHM concentrations. In
addition to TTHM reduction, potassium permanganate was found to oxidize taste and odor causing
compounds, iron and manganese, organic and inorganic matter, and reduce algal growth. Results
from the study also showed that the simultaneous application of potassium permanganate and
chlorine can increase THM formation.

5.6 Status of Analytical Methods

The atomic adsorption spectrophotometry method for the measurement of manganese is the preferred
method for measuring permanganate concentrations. Two colorimetric methods, persulfate and
periodate are also available (Standard Methods, 1995).

5.7 Operational Considerations

In utilizing potassium permanganate in water treatment, caution should be taken to prevent
overdosing, in which case, excess manganese will pass through the treatment plant. Proper dosing
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should be maintained to ensure that all of the permanganate is reduced (i.e., forming MnO; solids)
and removed from the plant upstream of, or within, the filters. If residual manganese is reduced
downstream of the filters, the resulting solids can turn the finished water a brown/black color and
precipitate in the homes of consumers on heat exchange surfaces such as hot water heaters and
dishwashers. |

Use of potassium permanganate can also be a source of manganese in the finished water, which is
regulated in drinking water with a secondary maximum contaminant level of 0.05 mg/L. Under
reducing conditions, the MnO; solids accumulated in filter backwash water and settling basins can be
reduced to soluble Mn?* and pass through the filters thereby remaining in the finished water.

Also, under these conditions, soluble Mn>* in return water from settling basin dewatering facilities
and filter backwash water recycled to the head of the plant are potential sources of manganese that
will have to be treated and/or controlled to minimize finished water manganese levels (Singer, 1991).

Overdosing of permanganate in conventional plants is generally corrected by settling the excess
MnO; solids in the settling basin. Removal of the excess permanganate can be monitored
qualitatively by observing the disappearance of the pink color characteristic of permanganate. In
plants that do not utilize flocculation and sedimentation processes permanganate dosing should be
closely monitored (Montgomery, 1985). |

In general, potassium permanganate does not interfere with other treatment processes or plant
conditions. Permanganate can be added downstream of, or concurrently with, coagulant and filter
polymer aids. Powdered activated carbon (PAC) and permanganate should not be added
concurrently. PAC should be added downstream of permanganate because it may consume
permanganate, rendering it unavailable for the oxidation of target organics. (Montgomery, 1985).

The space requxrements for permanganate feed equipment vary dependmg on the type and size of
feed system. Dry feed systems require about half the floor area of batch systems because batch
systems typically have two dissolving tanks for redundancy. However, the head space requirements
are greater for dry feed systems where the storage hopper and dust collector are stacked on top of the
dry feeder (Kawamura, 1991). On-site storage of potassium permanganate also warrants some
consideration. Per OSHA requirements, oxidants such as permanganate should be stored separate
from organic chemicals such as polymers and activated carbon.

5.8 Summary

5.8.1 Advantages and Disadvantages of Potassium
Permanganate Use

The following list highlights selected advantages and disadvantages of using potassium
permanganate as a disinfection method for drinking water. Because of the wide variation of system
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size, water quality, and dosages applied, some of these advantages and disadvantages may not apply
to a particular system:.

Advantagés

e Potassium permanganate oxidizes iron and manganese.

e Potassium permanganate oxidizes odor and taste-causing compounds.

e Potassium pe;rmanganate is easy to transport, store, and apply.

e Potassium permanganate is useful in controlling the formation of THMs and other DBPs.
e Potassium permanganate controls nuisance organisms.

e The use of potassium permanganate has little impact on other treatment processes at the water
treatment facility.

e Potassium permanganate has been proven effective against certain viruses.
Disadvantages

e Long contact time is required.

e Potassium permanganate has a tendency to give water a pink color.

e Potassium permanganate is toxic and irritating to skin and mucous merﬁbranes.

e No byproducts are generated when preparing the feed solution, however this dark purple/black
crystalline solid can cause serious eye injury, is a skin and inhalation irritant, and can be fatal if
swallowed. Over-dosing is dangerous and may cause health problems such as chemical jaundice
and drop in blood pressure.

5.8.2 Summary Table

More research is needed regarding the disinfection properties and oxidation byproducts of
permanganate in water treatment. Also, a CT credit needs to be assigned to permanganate if it is to
be utilized as a disinfectant. However, given that alternative oxidants, such as ozone and chlorine
dioxide, demonstrate much greater efficacy in microbial control, permanganate is not likely to be
utilized as a primary oxidant for precursor control. Table 5-2 summarizes the information presented
in this chapter régarding the use of potassium permanganate in the drinking water treatment process.
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Tabie 5-2. Summary of Potassium Permanganate Use

Consideration Description
Generation h - Product supplied in dry form in buckets, drums, and bulk. On-site generation of solution is
required using chemical mixing and feed equipment.
Primary uses Control of odor and taste, remove color, control biolodical growth, and remove iron and
manganese.
Inactivation efficiency ~ Nota good disinfectant. Can serve better as an alternative to chlorine or other disinfectants

where chemical oxidation is desired.

Byproduct formation " No literature was found that specifically addressed DBP formation from potassium;

permanganate oxidation. Pretreatment with permanganate in combination with post-treatment
chiorination will typically result in lower DBP concentrations than would otherwise occur from
traditional pre-chlorination.

Limitations Not a good disinfectant; primarily used for pretreatment to minimize chlorine usage and
byproduct formation.
Points of application Conventional Treatment: raw water addition, rapid mix tank in conjunction with coaguiants,

clarifiers upstream of filters. Direct Filtration: raw water intake. In all cases permanganate
should be added upstream of filters.

Special considerations Caution should be taken to prevent overdosing. More research is needed to determine

disinfection properties and oxidation byproducts.
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The disinfectant potential of chlorine-ammonia compounds or chloramines was identified in the early
1900s. The potential use of chloramines was considered after observing that disinfection by chlorine
occurred in two distinct phases. During the initial phase, chlorine reducing compounds (i.e.,
demand) cause the rapid disappearance of free available chlorine. However, when ammonia was
present bactericidal action was observed to continue [even though free chlorine residual was
dissipated]. The subsequent disinfection phase occurs by the action of the inorganic chloramines.

6.1 Chloramines Chemistry

Chloramines are formed by the reaction of ammonia with aqueous chlorine (i.e., HOCI). Initially,
chloramines were used for taste and odor control. However, it was soon recognized that chloramines
were more stable than free chlorine in the distribution system and consequently were found to be
effective for controlling bacterial regrowth. As a result, chloramines were used regularly during the
1930s and 1940s for disinfection. Due to an ammonia shortage during World War II, however, the
popularity of chloramination declined. Concern during the past two decades over chlorinated
organics (e.g., THM and HAA formation) in water treatment and distribution systems, increased
interest in chloramines because they form very few disinfection byproducts (DBPs).

6.1.1 Equilibrium, Kinetic, and Physiochemical Properties

Chloramines are formed from the reaction of chlorine and ammonia. The mixture that results may
contain monochloramine (NH,Cl), dichloramine (NHCl,), or nitrogen trichloride (NCl3). When
chlorine is dispersed in water, a rapid hydrolysis occurs according to the following reaction:

ClL, + H,0 — HOCI+ H* + CI"

The equilibrium constant (Keq) at 25°C is 3.94 x 10* M™! for this reaction. In dilute solutions at pH
greater than 3, the forward reaction is essentially complete. Hypochlorous acid (HOCI) is a weak
acid that dissociates as follows:

HOCl < OClI"+H* pK, =176

Relative proportions of HOCI and OCI" are dependent upon pH. Both of the chlorine species in the
above reaction are powerful oxidants, capable of reacting with many substances present in water. In
aqueous solutions with pH 7.0 to 8.5, HOCl reacts rapidly with ammonia to form inorganic
chloramines in a series of competing reactions (White, 1992). The simplified stoichiometry of
chlorine-ammonia reactions are as follows: ' ' o

NH, + HOCl — NH,Cl+ H,0 (monochloramine)
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NH,Cl+ HOCl — NHCL + H,0 (dichloramine)
NHCI, + HOCl — NCI, + H,0 (nitrogen trichloridé)

These competing reactlons and several others, are primarily dependent on pH and controlled to a
large extent by the chlorine:ammonia nitrogen (Cl:N) ratio. Temperature and contact time also play
arole. Figure 6-1shows the typical relationships between the chloramine species at various Cl»:N
ratios for pHs ranging from 6.5 to 8.5. This figure shows that monochloramine is predominately
formed when the applied Cl,:N ratio is less than 5:1 by weight. As the applied Cl,:N ratio increases
from 5:1 to 7.6:1, breakpoint reaction occurs, reducing the residual chlorine level to a minimum.
Breakpoint chlorination results in the formation of nitrogen gas, nitrate, and nitrogen chloride. At
Cl:N ratios above 7.6:1, free chlorine and nitrogen trichloride are present. Figure 6-2 shows the
relationship between chloramine species as the pH changes (Palin, 1950). The Figure shows that
dichloramine becomes a dominant species at low pH.

8
- X
e X HOCI1 + OCI-
‘gu 2 -
-]
S E
© 0

0 2 4 6 8 10 12 14 16
Chlorine Dose, mg Cl,/mg NH,-N

Figure 6-1. Theoretical Breakpoint Curve

To avoid breakpoint reactions, utilities should maintain a Cl,:N ratio between 3 and 5 by weight. A
ratio of 6 is actually optimum for disinfection, but it is difficult to maintain a stable operation at that
point in the breakthrough curve. Therefore, a Cl,:N ratio of 4 is typically accepted as optimal for
chloramination.

Furthermore, over a penod of a day or so, without any modification of pH or Cly:N ratio,
monochloramine will degrade slowly to dichloramine to a ratio of 43 percent NH,Cl to 57 percent
NHCI,. Dichloramine is relatively unstable in the presence of HOCI; therefore, pure solutions of this
form of monochloramine are difficult to generate and maintain.
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Figure 6-2. Distribution Diagram for Chloramine Species with pH

6.2 Generation

Chloramines are formed by the reaction of hypochlorous acid and ammonia according to the
equations described in Section 6.1. Table 6-1 summarizes the theoretical doses of chlorine and
ammonia based on these formulas. Monochloramine is the preferred chloramine species for use in
disinfecting drinking water because of taste and odor problems associated with dichloramine and
nitrogen trichloride. To ensure that these compounds are not formed, common practice was to limit
the chlorine to ammonia ratio to 3:1. However, because of problems such as nitrification and biofilm
growth, which can be caused by excess ammonia, current practice is to use a Cly:N ratio in the range
of 3:1 to 5:1, with a typical value of 4:1.

Table 6-1. Chlorine Dose Required for NH; - Cl, Reaction

Reaction mg Cl2/mg NHs
Monochloramine (NHzCl) 4.2
Dichloramine (NHCl2) 84
Nitrogen Trichloride (NCls) 12.5
Nitrogen (N2) 6.3
Nitrate (NO3) 16.7
Free residual reaction 9
‘ Source: AWWA and ASCE, 1990.
April 1999 6-3 EPA Guidance Manual

Alternative Disinfectants and Oxidants




6. CHLORAMINES

The rate of reaction of monochloramine formation is sensitive to pH. Table 6-2 shows the calculated
reaction times for monochloromine formation at 25°C, and at a chlorine:amonia ratio of 3:1 (White,

1992).

Table 6-2. Time to 99 Percent Conversion of Chlorine to Monochldramine

pH Time (seconds)
2 421
4 147
7 0.2
8.3 0.069
12 332

6.2.1 Chlorine Feed Facilities

Table 6-3 summarizes commonly used methods of chlorine addition, inclliding their safety
precautions and costs.

Table 6-3. Methods of Chlorine Addition

Safety precautions

Method Description Costs
Gaseous Gas delivered in containers Gaseous chlorine is classified  The cost per
chlorine ranging in size from 150 Ib by the Uniform Fire Code as pound of
cylinders to 90 ton rail cars. One an oxidizing, highly toxic, liquid chlorine
ton cylinders are commonly used.  compressed gas. New is in the range
Feed equipment consists of gaseous chlorine facilities of $0.08 to
solution water pump/ejector to should be designed with $0.20 per
create vacuum and automatic enclosures and air scrubbers pound
orifice control to meter the gas. to capture and neutralize any depending on
Gas can be drawn directly from .gas that leaks. Risk the quantity
storage container or be generated = management prevention plans purchased.
by an evaporator from liquid should be prepared. Personne!
withdrawn from the container. A saféty equipment and training
schematic of gaseous chlorine should be provided for
feed system is shown in operators. ”
Figure 6-3.

Sodium Sodium hypochlorite can be Hypochlorite solution is toxic Typical

hypochlorite purchased bulk in quantities and classified as hazardous. chemical cost
ranging from 55 gal drums to Storage facilities should be is $0.60 to
4,500 gal truck loads. Bulk loads designed with secondary $1.00 per
can be stored in fiberglass or containment. pound Cl,.
plastic tanks. Solution is fed )
directly into the process stream. A
schematic of typical hypochlorite
feed system is shown in Figure 6-
4,
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6.2.2 Ammonia Feed Facilities

Ammonia feed facilities can be located on-site at the water treatment plant or at remote locations in
the distribution system (Dennis et al., 1991). Most ammonia feed facilities use either gaseous
(anhydrous ammonia) or liquid (aqueous) ammonia. Though anhydrous ammonia is a gas at ambient
temperature and pressure, it is commonly stored and transported as a liquid in pressure vessels. In
this phase, ammonia is highly soluble in water. Storage facilities and handling equipment should be
kept dry (Dennis et al., 1991).

Horizontal Manifold
Assembly

/ Vacuum Regulator
' Gas Feeder
(1A 2 [i /
LI UL ]
] —

Y

Lo Controller
Flexible Connector -
Vacuum Pipe > Eductor
<1 Chlorine Cylinder
(150 ib, Ton, Tanker) r_y
' Water Supply — Chlorine Solution

Figure 6-3. Gaseous Chlorine Feed System
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Figure 6-4. Hypochlorite Feed System
6.2.2.1 Anhydrous Ammonia
Anhydrous ammonia is stored in portable cylinders or stationary tanks. Portable cylinders are similar '

to chlorine cylinders and are available in 100, 150, and 800 Ib sizes (Dennis et al., 1991). The
cylinders are rated for a minimum service pressure of 480 psi. Stationary tanks are typically 1,000
gallon vessels that can be used on-site. These tanks are refilled by tanker trailers. The storage tanks
can be located indoors or outdoors. Since each tank has a minimum working pressure of 250 psi
(valves and fittings on the tanks are rated for 300 psi), a tank stored outdoors should have protection
from extreme temperatures (greater than 125°F and less than 28°F) (Dennis et al., 1991). In warmer
climates, an outdoor tank should be painted white and protected from sunlight. In colder climates,
the tank should be wrapped with heat tape to prevent impairment of the ammonia vaporization.

Anhydrous ammonia is applied using an ammoniator. An ammoniator is a self-contained modular
unit with a pressure reducing valve, gas flow meter, feed rate control valve, and miscellaneous piping
for controlling the flow of ammonia. Automatic paced ammoniators are available. An evaporator is
used when large quantifies of ammonia gas are needed. An anti-siphon valve or check valve should
be used to prevent watef from entering the ammoniator.

Anhydrous ammonia is usually applied by direct feed or solution feed. The direct feed method is

typically used when the process stream has a low pressure and the ammonia feed rate is less than

1,000 Ib per day (i.e., maximum rated feed capacity). Ammonia is drawn from the storage tank

under high pressure (e.g., 200 psi), and injected directly into the process stream at a low pressure of

15 psi. The tank pressure is first reduced by a pressure reducing valve to approximately 40 psi, and ‘
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then by another pressure reducing valve in the ammoniator. Typical application points are at open
channels and basin facilities. Figure 6-5 is a schematic of a direct anhydrous ammonia feed system.

The solution feed method is typically used where direct feed systems are not adequate (e.g., ammonia
feed rate is greater than 1000 Ib/day or where the process stream pressure is high) (Dennis et al.,
1991). This type of application is similar to the chlorine vacuum feed system. The supply tank
pressure is reduced by a pressure reducing valve to create a vacuum. An eductor is used to withdraw
ammonia from the ammoniator where the ammonia is dissolved into a side water stream and pumped
into the process stream. Solution feed ammoniators are available up to 4,000 1b/day capacities and
can operate at discharge pressures up to 100 psi (Dennis et al., 1991). Softened water (i.e., hardness
less than 29 mg/L as CaCOs) is required for the carrier stream. Otherwise, the ammonia addition will
precipitate scale that may plug the eductor and application point. Figure 6-6 shows a schematic of a
solution feed system.

6.2.2.2 Aqueous Ammonia

Aqueous ammonia is produced by dissolving anhydrous ammonia into deionized or softened water.
This form of ammonia is shipped in cargo trucks or polyethylene lined steel drums. Plastic drums
are not recommended since they tend to lose their shape under the slight pressure exerted by the
aqueous ammonia. Aqueous amimonia is stored in low pressure tanks, typically steel or fiberglass.
Since excessive temperatures will cause ammonia gas to vaporize, each storage tank should be
equipped with a water trap or ammonia scrubber to keep vapors from escaping to the atmosphere.

Control System
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\ in paraliel ,

Ammoniation building

Source: Montgomery, 1985.
Figure 6-5. Anhydrous Ammonia Direct Feed System
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Figure 6-6. Anhydrous Ammonia Solution Feed System

Aqueous ammonia feed systems are similar to other liquid chemical feed systems. They require a y
storage tank, chemical metering pump, relief valve, pulsation dampener, flow meter, and ‘
backpressure valve. Typically, the feed pumps are positive displacement or progressive cavity type

metering pumps. The feed pumps should be placed fairly close to the storage tank to minimize

chances of ammonia vaporization in the piping (Dennis et al., 1991). The pump should be designed

to compensate for changes in ambient temperatures, different aqueous ammonia solutions, and

changes in the chlorine-to-ammonia ratio (Skadsen, 1993). When aqueous ammonia is applied to

water, complete mixing is required for the ammonia to react with chlorine in the water to reduce the

formation of dichloramine and nitrogen trichlorine. Figure 6-7 shows a schematic of an aqua

ammonia feed system.

Metropolitan Water District of Southern California (MWDSC) uses aqueous ammonia at its

chlorammatxon facmty Ammonia is stored in unlined tanks and pumped to the ammoniator with

progresswe cavity pumps During startup of its aqueous ammoma feed system, MWDSC

experienced complete pump failures. Based on MWDSC’s experience, EPDM rotors with adequate

quality chromed finish stators are recommended for progressive cavity pumps. A mechanical seal is

also recommended instead of a packing box to reduce the possibility of ammonia leaks (Skadsen,

1993). MWDSC also later installed special blow-offs and strainers in the feed pump suction line to

reduce plugging at the magnetic flow meters. The pump problems prior to startup led MWDSC to

install an alternative, redundant ammonia feed system. A pressurized system was designed to feed

aqueous ammonia by pressurizing the ammonia tanks and by-passing the pump. ‘
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Figure 6-7. Aqua Ammonia Feed System

A 5.5 gpm flexible impeller centrifugal pump with a recirculation loop back to the storage tank
regulates the back pressure on the by-passed feed pump. This alternative, redundant method proved
to be reliable and economical. In addition, it provided a stable feed rate and required little
maintenance (Skadsen, 1993). ' o

6.2.2.3 Piping and Valving

For anhydrous ammonia, the typical piping materials for both direct and solution feed systems are
stainless steel, PVC, and black iron (Dennis et al., 1991). Stainless steel or black iron pipe is used in
the high pressure (i.e., greater than 15 psi) portions of the feed system. PVC pipe is used only in the
low pressure portion of the feed system, after the ammoniators. :

For aqueous ammonia, PVC piping should be used due to, the corrosive nature of aqueous ammonia
(Dennis et al., 1991).

6.2.2.4 Safety Provisions for Chloramine Generation Facilities

A chloramination facility should include some safety provisions to prevent the formation of nitrogen
trichloride and the vaporization of ammonia at ambient temperatures. The possible formation of »
nitrogen trichloride at a chloramination facility should be considered when selecting sites for the
ammonia and chlorine storage facilities. '

Dennis et al. (1991) provides detailed information about safety provisions for chloramine facilities.
Chlorine gas and ammonia gas should never be stored in the same room. The ammonia gas
application points should be located at least 5 feet away from chlorine feed solution lines. Anhydrous
ammonia is lighter than air, so any leaking vapor will rise quickly. Under pressure, anhydrous
ammonia is a liquid. Great amounts of heat are absorbed when the pressurized liquid reverts to a gas.
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If the storage tanks and/or chemical feed equipment are installed indoors, ventilation and vapor
detection devices should be located at high points in the room. The ventilation rates will vary

- depending on the appropriate regulatory agency’s requirements. Typically, a minimum of 6 room
volume changes per rﬂinute is recommended.

Ammonia gas storage tanks should be protected from direct sunlight or direct sources of heat (i.e.,
greater than 125°F) to avoid pressure increases in the tank (Dennis et al., 1991). Otherwise,
ammonia gas may be released into the atmosphere through the pressure relief valves. In warm
regions, outdoor tanks should be covered with a shelter or outfitted with a temperature control
sprinkler system. Where fugitive emissions of ammonia are a concern, fume control may be
required. If the accidental release from a storage container is a concern, an emergency scrubber
system similar to a chlorine gas scrubber system should be considered.

6.3 Primary Uses and Points of Application

Monochloramine is used in drinking water treatment for disinfection and nuisance organism control.
Points of application are based on treatment objectives and contact time disinfection requirements.

6.3.1 Primary Uses

6.3.1.1 Disinfection

The primary use of monochloramine in water systems is as a secondary disinfectant for maintaining a
residual in the distribution system. Chloramines are a good choice for secondary disinfectant because
of the following potential benefits:

* Chloramines are not as reactive with organics as free chlorine in forming THMs.

e The monochloramine residual is more stable and longer lasting than free chlorine or chlorine
dioxide, providing better protection agamst bacterlal regrowth in systems with large storage tanks
and dead-end water mains.

e The monochloramine residual has been shown to be more effective in controlling biofilms
because of its superior ability to penetrate the biofilm. Controlling biofilms also tends to reduce
coliform concentratlons and biofilm induced corrosion.

s Because chlorammes do not tend to react with organic compounds many systems will experience
less incidence of taste and odor complaints when using chloramines.

Water systems in Indiana and Virginia found that conversion from free chlorine to monochloramine
as the secondary disinfectant significantly reduced coliform concentrations in the distribution system
(Norton and LeChevalher, 1997).

The normal dosage range for monochloramine is in the range of 1.0 to 4.0 mg/L. The minimum’
residual of monochloramme in the distribution system is typically regulated at 0.5 mg/L (Texas
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Natural Resource Conservation Commission). For prevention of nitrification in a distribution system,
a minimum monochloramine dosage of 2.0 mg/L is recommended (Norton and LeChevallier, 1997).

6.3.1.2 Nuisance Organism Control

Cameron et al. (1989a) investigated the effectiveness of monochloramine to control the Asiatic clam
in both the juvenile and adult phases. The adult Asiatic clam was found to be much more resistant to
monochloramine than the juvenile form. Monochloramine was found to be the most effective for
controlling the juvenile Asiatic clam in terms of LT’ (time required for 50 percent mortality).
Monochloramine doses used to control the juvenile Asiatic clam range from 1.2 to 4.7 mg/L. Further
~ research showed that the effectiveness of monochloramine increased greatly as the temperature
increased (Cameron et al., 1989b).

6.3.2 Points of Application

The formation of monochloramine can be accomplished by first adding ammonia and then chlorine,
or vice versa. Ammonia is added first where formation of objectionable taste and odor compounds
caused by the reaction of chlorine and organic matter are a concern. However, most drinking water
systems add chlorine first in the treatment plant in order to achieve the required concentration and
contact time (CT) to meet EPA’s SWTR disinfection requirements. Typically, the point of ammonia
addition is selected to “quench” the free chlorine residual after a target period of time based on
optimizing disinfection versus minimizing DBP formation.

Because the germicidal effectiveness of monochloramine is a factor of 200 less than for free chlorine,
extremely long contact times are required for monochloramine to meet EPA disinfection CT
requirements. Therefore, if ammonia is added first, a means of ensuring that CT requirements are met
must be developed.

6.3.2.1 Impact on Other Treatment Processes

Monochloramine addition impacts other processes at the water treatment facility. These impacts
include:

e Ammonia used in the chloramination process can provide nutrient ammonia for nitrifying
bacteria growth in the distribution system, which can cause increased nitrate levels in the
finished water where systems do not normally test for nitrate.

e Imbalances in chlorine and ammonia concentrations (in greater than an 8 to 1 ratio) can cause
breakpoint chlorination reactions to occur when encountered in distribution system

e Monochloramine addition upstream of filters will reduce biological growth on filters. This
has a favorable impact on the filters by keeping them clean and reducing the backwash
frequency. It also has the undesirable impact of reducing BDOC removal in the filters when
the filters are run in a biological mode.
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The reader is referred to EPA’s Microbial and Disinfection Byproduct Szmulraneous Compliance
Guidance Document (expected to be available in 1999) for additional information regarding the
interaction between oxidants and other treatment processes.

6.4 Pathogen Inactivation and Disinfection Efficacy

Chloramination of drinking water has been practiced in the United States for nearly 80 years. In
addition to achieving disinfection, chloramines have been used by the Denver Water Department for
controlling tastes and odors since 1918 (Hazen and Sawyer 1992). Chloramination has also been
found to provide a more stable residual in water distribution system. However, because of its
relatively weak disinfecting properties for inactivation of viruses and protozoa pathogens, it is rarely
used as a primary disinfectant, and then only with long contact times.

6.4.1 Inactivation Mechanisms

' The mechanisms by which chloramines inactivate microorganisms have been studied to a lesser
degree than chlorine. A study of inactivation of E. coli by chloramines concluded that
monochloramine readily reacts with four amino acids; cysteine, cystine, methionine and
tryptophan ( Jacangelo et. al, 1987) . The mechanism of inactivation for chloramine is therefore
thought to involve inhibition of proteins or protein mediated processes such as respiration.
Jacangelo further concluded that because of the inconsistency in rate of inactivation
monochloramine should have * ‘multiple hits” upon bacterial cells before cell death.

Few studies have been performed to determine the mechanism for viral inactivation. The initial site
for destruction of bacteriophage f2 involved the RNA fragment (Olivieri et al., 1980). However, the
primary mechanism for poliovirus inactivation by chloramines involved the protein coat (Fujioka et
al., 1983). Similar to free chlorine, the mechanism of viral inactivation by chloramine may be
dependent on factors such as virus type and disinfectant concentration.

Several studies have been performed to determine the effect of pH, temperature, and organic and
inorganic compounds on the disinfection effectiveness of chloramines. Following is a summary of
the affect these parameters have on pathogen inactivation.

6.4.21 pH

The effect of pH on disinfection has more to do with the organism than with the disinfectant;
however, pH also i 1mpacts disinfection efficiency by controlling the chloramine species distribution.
Studies have indicated that the disinfection efficacy of monochloramine and dichloramine are not
equal. One study showed that the bactericidal properties of dichloramine were superior to that of
monochloramine (Esposnto 1974). However, pH may b€ a compounding factor because changes in
pH may alter the physrologlcal response of the orgamsm (Hoff and Geldrelch 1981). Other studies
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have shown that monochloramine is superior to dichloramine with regard to virucidal ability (Dorn,
1974; Esposito, 1974; Olivieri et al., 1980). Some evidence suggests that solutions containing
approximately equal concentrations of monochloramine and dichloramine may be more
microbiocidal than those containing only monochloramine or dichloramine (Weber and Levine,
1944).

6.4.2.2 Temperature

Similar to most of the disinfectants discussed in this report, the bactericidal and viral inaétivation
efficiency of chloramine increases with increasing temperature. Moreover, the efficiency
dramatically decreases under conditions of high pH and low temperature. For example, the
inactivation of E. coli. is approximately 60 times slower at pH 9.5 and temperatures of 2 and 6°C
than at pH 7 and temperatures between 20 and 25°C (Wolfe et al., 1984). Similar results were
obtained for poliovirus 1 inactivation (Kelley and Sanderson, 1958).

6.4.2.3 Organic Nitrogen and Other Compounds

In addition to ammonia, free chlorine reacts with organic nitrogen compounds to form a variety of
organic chloramines. These organic chloramines are undesirable byproducts because they exhibit
little or no microbiocidal activity (Feng, 1966). Studies have indicated that chlorine binds to amine-
containing compounds more rapidly than to ammonia (Weil and Morris, 1949; Morris, 1967,
Margerum et al., 1978) and that chlorine can be transferred from inorganic chloramines to amine-
containing compounds (Margerum et al., 1978; Isaac and Morris, 1980)

Several other reactions may occur which divert chlorine from the formation of chloramines. These
reactions can include oxidation of iron, manganese, and other inorganics such as hydrogen sulfide
(Hazen and Sawyer, 1992).

6.4.3 Disinfection Efficacy

Chloramines are relatively weak disinfectants for virus arid protozoa inactivation. As a consequence,
it is extremely difficult to meet the SWTR CT criteria for primary disinfection of Giardia and viruses
using chloramines because very long detention times are needed. However, given the ability of
chloramines to provide a stable residual, this form of disinfection appears to be feasible for
secondary disinfection protection against microbial growth in distribution systems. The following
paragraphs describe the disinfection efficiency of chloramines in terms of bacteria, virus, and
protozoa inactivation.

6.4.3.1 Bacteria Inactivation

A series of comprehensive experiments was initiated in the mid 1940s to determine the relative
bactericidal effectiveness of free chlorine and inorganic chloramines. Results from these
experiments showed conclusively that under relatively demand-free, laboratory-controlled
conditions, free chlorine inactivated enteric bacteria much faster that chloramines (Wattie and
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Butterfield, 1944). In this experiment, a monochloramine concentration of 0.3 mg/L required 240 |
minutes of contact tlme for 3-log inactivation of E. coli whereas exposure to 0.14 mg/L free Cl,
required only 5 minutes to achieve the same level of inactivation at the same temperature and pH.

6.4.3.2 Virus Inactivation

According to reports written by Kabler et al. (1960) and the National Research Council (1980) all
studies conducted prior to 1944 that compared virucidal potency of free and combined chlorine were
inaccurate because the experiments failed to clearly differentiate between free and combmed forms
of chlorine and because high-chlorine-demand water was used in the experiments.

The majority of the experiments conducted after the mid-1940s has shown that inorganic chloramines
require much higher concentrations and considerably longer contact times than free chlorine to
achieve comparable levels of virus inactivation. Experiments showed that contact times between 2
and 8 hours were reqmred at concentrations between 0.67 to 1.0 mg chloramines to achieve greater
than 2-log inactivation of poliovirus 1 (Mahoney and MK500), poliovirus 2 (MEF), poliovirus 3
(Sackett), coxsackievirus B1, and coxsackievirus BS (EA 80) (Kelley and Sanderson, 1958 and
1960). In contrast, 0.2 to 0.35 mg/L free Cl, required 4 to 16 minutes of contact time to achieve
comparable levels of inactivation under the same conditions.

6.4.3.3 Protozoa Inactivation

Of the three predominant forms of pathogens (i.e., bacteria, viruses, and protozoan [oo]cysts), studies ‘
have shown that protozoan [oo]cysts are usually the most resistant to all forms of disinfection.

Studies have indicated that free chlorine is a more effective disinfectant than chloramines for

[oo]cyst inactivation (Chang and Fair, 1941; Chang, 1944; Stringer and Kruse, 1970). Chloramine

concentrations of 8 mg/L were required for 2-log inactivation of Entamoeba histolytica cysts whereas

only 3 mg/L of free chlorine was required to obtain the same degree of inactivation (Stringer and

Kruse, 1970). Contact times for both disinfectants were 10 minutes. |

6.4.3.4 CT Values

CT values for achieving Giardia cyst and virus inactivation using chloramines are shown in

Table 6-4 and Table 6-5, respectively. Values contained in these tables were obtained from the
Guidance Manual for Compliance with Filtration and Disinfection Requirements for Public Water
Systems Using Surface Water Sources (AWWA, 1991). ' |

CT values shown in Table 6-4 are based on disinfection studies using in vitro excystation of Giardia

lamblia. CT values shown in Table 6-5 were based on data using preformed chloramines at pH 8. No

safety factor was applied to laboratory data used to derive the CT values shown in Table 6-4 and

Table 6-5 since chloramination conducted in the field is more effective than using preformed

chloramines, since monochloramme tends to degrade with time and some free chlorine is present

when forming chloramines which enhances the inactivation process. .
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Table 6-4. CT Values for Giardia Cyst Inactivation Using Chloramines

Temperature (°C) (mgemin/L)

Inactivation 5 10 15 20 25
0.5-log 365 310 250 185 125
1-log 735 615 500 370 250
1.5-log 1,100 930 750 550 375
2-log 1,470 1,230 1,000 735 500
2.5-log 1,830 1,540 1,250 915 625
3-log 2,200 1,850 1,500 1,100 750

Source: AWWA, 1991,
Values shown in this table are based on a pH range between 6 and 9.

Table 6-5. CT Values for Virus Inactivation Using Chloramines

Temperature (°C) (mgemin/L)

inactivation 5 10 15 20 25
2-log 857 643 428 321 214
3-log 1,423 1,067 712 534 356
4-log 1,988 1,491 994 746 497

Source: AWWA, 1991,

6.5 DBP Formation

The effectiveness of chloramines to control DBP production depends upon a variety of factors,
notably the chlorine-to-ammonia ratio, the point of addition of ammonia relative to that of chlorine,
the extent of mixing, and pH.

Monochloramine (NH,Cl) does not produce DBPs to any significant degree, although some
dichloroacetic acid can be formed from monochloramine and cyanogen chloride formation is greater
than with free chlorine (Jacangelo et al., 1989; Smith et al., 1993; Cowman and Singer, 1994). The
inability to mix chlorine and ammonia instantaneously allows the free chlorine to react before the
complete formation of chloramines. In addition, monochloramine slowly hydrolyzes to free chlorine
in aqueous solution. Therefore, halogenation reactions occur even when monochloramine is formed
prior to addition in the treatment process (Rice and Gomez-Taylor, 1986). The closer the
chlorine:ammonia ratio is to the breakpoint, the greater the formation of DBPs (Speed et al., 1987).
In addition to controlling the formation of DBPs, chloramination results in lower concentrations of a
number of the other specific organic halides generated from free chlorine, except for cyanogen
chloride (Krasner et al., 1989; Jacangelo et al., 1989). Increased production of cyanogen chloride is
observed when monochloramine is used as a secondary disinfectant instead of free chlorine.

The application of chloramines results in the formation of chlorinated organic material, although it
occurs to a much lesser degree than from an equivalent dose of free chlorine. Little is known about
the nature of these byproducts, except that they are more hydrophilic and larger in molecular size
than the organic halides produced from free chlorine (Jensen et al., 1985; Singer 1993).
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6.6 Status of Analytical Methods

6.6.1 Monitoring of Chloramines

There has been little development of analytical procedures for selective determination of
monochloramines (Gordon, et al., 1992). Typically, the methods used for chlorine residual
measurement are adapted for chloramine measurement. The DBPR promulgated on December 16,
1998 (63 FR 69390) establishes three analytical methods that are acceptable for measuring residual
chloramines (combined chlorine). These methods are presented in 40 CFR § 141.131(c) and include:

e Amperometric Tifration (Standard Method 4500-CI D and ASTM Method D 1253-86);

¢ DPD Ferrous Titrimetric (Standard Method 4500-Cl F); and

e DPD Colorimetric (Standard Method 4500-CI G).

If approved by the State, systems may also measure chloramines by using DPD colorimetric test
kits.

6.6.1.1 Amperorhetric Titrations

The amperometric titration method is utilized extensively in water treatment laboratories (Gordon, et
al., 1992). This methoa capable of differentiating the three most common forms of chlorine, namely
chlorine/hypochlorous acid/hypochlorite ion, monochloramine, and dichloramine, as long as the
combined forms are not present in concentrations greater than about 2 mg/L (as Cl;). For higher
concentrations, dilution of the samples is required, but differentiation is still possible (Aoki, 1989).

The amperometric titration method is a standard of comparlson for the determination of free or
combined chlorine. ThlS method is not greatly affected by common ox1dlzmg agents, temperature
variations, turbidity, and color (Standard Methods, 1995). Amperometric titration requires a greater
degree of skill than colorimetric methods. The differentiation of free chlorine, monochloramine, and
dichloramine is possible by control of potassium iodide (KI) concentration and pH during the
analysis.

Several methods are commonly used to measure chlorine species utilizing the amperometric titration
including forward and back titration (Gordon, et al., 1992). The lower limit of detection of these
methods varies dependmg on the instrumentation used and type of water sample analyzed The lower
limit of detection for commercial amperometric titrating equipment is about 30 ug/L as Cl, (Sugam,

1983).

Table 6-6 shows the working range, expected accuracy and precision, operator skill level required,
interferences, and current status for amperometric method monochloramine analysis comparison.
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6.6.1.2 Colorimetric Methods

Over the years, numerous colorimetric methods have been developed to measure free and combined
chlorine in aqueous solutions (Gordon, et al., 1992). Not many of these methods would be
recommended as the method of choice. Two of the colorimetric methods listed in Standard Methods

© (1995), are DPD methods. In addition, the colorimetric LCV method modified by Whittle and

Lapteff (1974) can be used to measure free and combined chlorine species.

The DPD methods (ferrous titration and colorimetric) are operationally simpler for determining free
chlorine than the amperometric titration (Standard Methods, 1995). Procedures are given for
estimating separate monochloramine and dichloramine fractions, as well as combined chlorine
fractions. A

The LCV method modified by Whittle and Lapteff modifies the discontinued Standard Method for
LCV. The maximum chlorine concentration that can be determined by this modified procedure,
without dilution of the sample, is 10 mg/L as Cl, (Whittle and Lapteff, 1974).

See Table 6-6 for the working fahge, expected accuracy and precision, operator skill level required,
interferences and current status for colorimetric method monochloramine analysis comparison.

6.6.2 Disinfectant Interferences

Interferences to free chl